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ABSTRACT

e e aaae e e ol

The primary objective of this study is to i{nvestigate specific
phenomena which might lead to major advances in payload, range and terminal
velocity of very advanced vehicle propulsion. e effort focuses heavily
on advanced propulsion spinoffs enabled by current government-funded inves- 3
tigations in directed-energy technology: {.e., 1laser, microwave, and 5
relativistic charged particle beams. Futuristic (post-yezr 2000) beamed-
energy propulsion concepts which {ndicate exceptional promise are {denti-
fied and analytically investigated. To warrant inclusion in the study, the
concepts must be sufficiently developed to permit technical understanding
of the physical processes {involved, assessment of the enabling technolo-
gies, and evaluation of their merits - .r conventional systems. The study
investigates propulsion concepts that can ba used for manned and/or
unmanned missions for purposes of solar system exploration, planetary land-
ing, suborbital flight, trancport to orbit, and escape. Speculations are
made on the chronology of milestones in beamed-energy propulsion develop-
ment, such as in systems applfcations of defense, satellite orbit-raising,
global aerospace transportation, and manned interplanctary carriers. '
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CHAPTER I
INTRODUCTION

As man extends his activities deeper and with increasing freguency
into space, he will demand more sophisticated and energetic propulsion sys-
tems with capabilities greatly surpassing those of conventional chemical
propulsion systems. Current chemical rocket engines that were developed
for the space program are attaining performance close to the theoretical
maximum. The “conventional” advanced propulsion technologies of nuclear-
electric ;nd solar-electric propylsion are advancing in their development
cycles and will probably sea application in space vehicle systems before
1990. Howaver, these technologies are clearly {nadequate for emerging more
ambitious missions involving ever expanding human activity in space, such
as large-scale space industry and the utilization of lunar and asteroidal
materials. When human needs create a demand for new solutions to technical
problems, history shows that available i{nefficient solutions will not be
tolerated for long. In space, efficient, high-speed propulsion will be of
such central importance that this {ssue deserves detailed consideratfon
now., [n fact, it is even more likely that dcmonstration of the pIausibﬁ-
ity and feasibility of efficient advanced propulsion mathods could provide
the critical leverage to engender major space activities, rather than the
other way around. : ) ’

The history of advanced propulsion research has produced large swings
in funding 1levels over the .past 30-40 years. NASA and the military
sarvices actively pursued advanced propulsion research during the 1960s and
early 1970s, thereby giving rise to a substantial body of literature docu-
menting this period. Since the early 19705, funding for advanced propul-
sfon research has been severely limited. Hewaver, significant studies were
published by the USAF Rocket Propulsion Laboratory (AFRPL)’ in 1972, Jet
Propulsion Laboratary (JPL)Z in 1975, and JPL3 again in 1982. MNaverthe-
less, the fact remains that today, R&D work on very advanced propulsion
systems 1{s carried out on_a considerably lower level of effort than in
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decades past. Understandably, generation of new concepts has been severely
retarded by the reduced funding level., i

A.  ADVANCED PROPULSIOH STUDIES OF THE PREVIOUS DECADE

The focus and significant conclusions of the 1972 AFRPL study! can be
summarized in the following paragraphs.

The purpose of the study was to identify and stimulate transitions to
concepts bayond chemical rocket propulsion that would bring about substan-
tial improvements 1in propulsion performance by the turn of the century.
Advanced concepts falling under the general headings of Thermal Propulsion,
Field Propulsion, and Photon Propulsion were evaluated to defins their
potential. The study attempted to reestablish the kind of unrestricted .
free-thinking, {inventivenass, and creativity that cxisted during the late
1950s and early 1960s.

Three major conclusions are emphasized in the AFRPL study. First, the
more intensive sources of energy will provide higher performance possibili-
ties (e.g., an improvemant of five orders of magnitude exists between
chemical and nuclear ensrgy scurces). Second, the creativity of propulsion
researchers should be strongly directed toward "infinite specific impulse"
({sp) concepts that draw prima enargy and/or material freely from the
ambient enviromment (whother through active interactions or through
capitalization of natural phenomena), because of the implications for out-
standing performance. The study defines the ideal infinite Isp propulsion £
system as one which takes both its working fluid and its energy from the
environrent. Third, advances in certain areas of technoleogy could make a
number of unconventional concepts suddenly very attractive. Previously,
these concepts have been evaluated and quickly discarded. The study sug-
gests that improvemants 1in the energy output of high-power lasers by
several orders of magnitude, or perhaps the invention of other competitive
concepts for long distance energy transfer - are exemplary advances that
have revolutionary potentials for laser propulsion and the infinite Isp.
ramjet. For the Field Propulsion concepts, the development of higher
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current density superconductors, metallic hydrogen, or perhaps room
temperature superconductors are promising breakthrough technologies.

The focus, approach and significant conclusions for the 1975 JPL
study? can be summarized in the following paragraphs.

The primary objective of the study was to generate new advanced pro-
pulsfon concepts having high potential for the more eneargetic propulsion
applications in the post-1990 era of space exploration. The principal
topics investigated included 1lasers, thermonuclear fusion, matter/anti-
matter annihilation, electronically excited helium, and energy exchange
through the interaction of verious fields.

Two distinctively different investigative directfons were pursued in
parallel. One dinvestigated the possibility of using energy sources of
known capability for releasing large amounts of energy (as compared to the
chemical propellants used currently). Candidate energy intensive sources
included nuclear fission and fusion, lasers, matastable and radical chemi-
cal species, and matter/antimatter annihilation., The second investigative
direction explored potentials for exploiting enargy resources existing in
space and in the vicinity of planets: 1.e., energy stored in the form of
varfous fields (such as gravitation, magnetic, and electric), or in
elementary particle concentrations. The study acknowledgas that this
direction was more difficult to pursue, largely due to the low-energy den-

- sity level of such resources. *

The JPL study utilized two basic criteria to evaluate the concepts
with high potential for advanced propulsion applications: state of readi-
ness, and energy-releasing capabilities (i.e., as it affects specific
impulse). The following are a few of the conclusions reached in evaluating
laser propulsion and matter/antimatter annihilation concepts. In the case
of laser propulsion research, there is only a relatively small body of
literature available. Second, there sesms to be a strong tendency to over-
simplify the rroblem, and to focus on 1imited aspects. This may be due to
a lack of data in many related critical areas. Third, this shortcoming
becomes critical when researchers attempt to evaluate the concepts, and

compare thelir performance with other advanced propulsion concepts. Fourth,.
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in comparative studies of solar-electric and laser-electric propulsion, it
is suggested that laser sources cannot compete with solar sources for
interplanetary missions. Existing literature indicates that laser propul-
sfon may be most readily applied to surface-to-orbit, orbit transfer, and
planetary escape applications.

The JPL study mentions the two factors which make the use of matter/
antimatter annihilation an attractive energy source for propulsion applica-
tions: extremely high rates of energy release (i.e., two orders of
magnitude greater than that of thermonuclear fusion), and the “clean* prod-
ucts of the involved reactions (i.e., from the view of radioactive con-
tamination). However, in the study, it was emphasized that the severe
problems associated with antimatter production and storage put the current
state of this technology at tha conceptual level, and project the nearest
successful propulsive implementation beyond the year 2000 A.D.

The focus and significant conclusions of the 1982 JPL study3 are
related in the following paragraphs.

The primary objective was to {dentify and evaluate new advanced
propulsion concepts that cnable or significantly advance the performance of
interplanetary missions. A major finding in the study was that the
missions to the outer planets and beyond are seriously constrained by
state-of -the-art propulsion performance, and hence Jjustifies the enthusi-
astic search for ultra-high performance propulsion systems. The scope of
the 1982 study was limited to a consideration of the propulsion require-
ments for unmanned planetary orbiter missions and small scientific
payloads, with no requirement for return flights.

The conclusion of the study was that the nuclear-electric option f{s
the most attractive propulsion concept for the near-term outer planet
orbiter mission. Also identified in the study were a number of new high
thrust-to-weight ratio advanced propulsion concepts for outer planet mis-
sions vhich require a soft lander and/or sarple return oparations.

I-4
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B. WHY THIS STUDY IS DIFFERENT

Taken as a whale, this study presents a broad challenge to many of the
traditionally held viewpoints of what it takes to trek the heavens. The
effort utilizes a high-risk/high-payoff approach to identify promising
unconventional propulsion concepts with the potential for generating major
breakthroughs.

Over the last two decades, a great number of unique thruster ideas
have been either published in the open or classified 1literatures, or
collected as Informal technical notes into relatively dormant personal
files of a few interested propulsion researchers. These propulsion ideas
range from clearly low-risk, conventional reaims to the unconventional and
“radical fringe" groups. Traditiormally, the last category has been widely
ignored by mast reputable researchers.

Recent revolutionary developments in the directed energy technologies
(1aser, microwave, and particle beam) hold much potential for shedding new
1ight on many lesser-known propulsion concepts. Hence, the work presented
here began with a thorough search through numzrcus privately held libraries
for those unique thruster ideas which, although unconventicnal, may have
exceptional compatibility with remote beamed high power, and whicﬁ
(theraby) might gain a significant ccmpetitive advantage over the perform-
ance of conventional systems.

This study continues where the previous studies of laser propulsion
have 1left off. For eaxample, it expands the focus of "beared-eneragy"
propulsion to 1include the seriocus consideration of nicrowave/millimeter-
wave bands, as well as relativistic charged particle beams. The latter

categories might very well enable a whole new dimension in h.gh thrust,
action-at-a-distance propuision utilizing large-scale atmospheric charging
techniques and powerful electrostatic fields. (The prospects for this kind
of electrostatic propulsion have never bean serfously examined.) The study
also reflects a positive attitude that "A11 things (within reason) are pos-
sible in time." For instance, 1t 1s assumed that sometim2 beyond the year

2000, short-wavelength high-power lasers will have been scaled to the
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gigawatt levels, presently exemplified by today's city-scale power plants.
The study then proceeds to ask an intriguing question: “If beam power were
unlimited, then what revolutionary new propulsfon applications would be
feasible?™ Likewise, free reign {is given to the full availability of any
desired laser/microwave frequency and waveform (CY vs. repetitively pulsed
power, possibly with varfable pulse energy, width, and repetition rate).
The study then attempts to uncover the most efficient propulsive methodolo-
gies to employ the specialized forms of high-grade power 1{nherent 1n
generic laser, microwave/millimeter, and charged-particle beam classes.

Once a thorough and complete description of promising thruster con-
cepts is presented, this study speculates on the chronolegy of "milestone"
systems for future bramed-energy propulsion applications. These “mile-
stones” are then explored in some detail to discover the additional
critical enabling technolocgies--beyond that of the thrusters themselves.
The following briefly describes the speculated "milestone® applications,
the chronology by which they might sppear in the future, and the organiza-
tion of the attendant supporting material presented in this final rcport.

C. EVOLUTION OF BEAMED-ERERGY PROPULSION "MILESTONES"

Chaptar 11 details the projected development of one exemplary pover-
beaming technolegy: - the free-electron laser (FEL). Scmetime before the
year 2000, it is anticipated that exceptionally flexible FELs with high-
conversion efficiency {e.3.. 25 to 50 percent) will be constructed by the
military for future use in anti-baiiistic missile (ABM) applications. It
is kpown that laser power Tlevels required for ABM roles closely match that
of 1laser propulsion for "near-term" orbit-raising missions (e.g., 20 to
200 MU). The only additional enabling technology required for orbit-
raising propulsion of useful paylozds (e.g., tens to hundreds of metric

tons), outside of the laser device itself, is the development of closed-

cycle nuclear (or solar) power supplies - to replace the open-cycle nuclear
military systems of the future.
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Chapters III-VII assume the future avaflability of ground-based and/or
space-based gigawatt power level FELs, and proceed to explore the range of

laser propulsion engine concepts which appear compatible with delta-shaped

and radially-symmmetric (e.g., the Apollo command/reentry module) shuttle
vehicle configurations. HNext, Chapters VIII and IX investigate the candi-
date 1laser propulsion engines which might be suitable for propelling
significantly Tlarger cylindrical-shaped shuttle vehicles, some of which
could be neutrally-buoyant in dense planetary atmospheres.

Chapter X analyzes the feasibility of integrating high power laser
mirrors with the lower aerodynamic surface of radially-symmetric shuttle-
craft configurations. These highly specialized manned or unmanned single-
stage-to-orbit (SST0) vehigcles are proposed for two useful functions:
(1) laser relay satellites for multi-purpose space power stations, and
(2) USAF Space Command 1light-wefight “fighters* for the space-superiority
mission - a squadron of which could easily defeat today's most awesome
nuclear offensive threat, a massive ballistic missile attack. This work
was originally part of a Defense Advanced Research Projects Agency (DARPA)
study and is included in this report since the laser relay technolcgy dis-
cussed in this chapter 1is applicable to a variety of uses, including the
global aerospace transportation system described in Chapter XI and the
interplanetary cruisers described in Chapter XV. :

Chapter XI suggests the possibility of a commerical laser-powered
global aerospace transportation system, which might appear some time beyond
the year 2000, but certainly before 2020. Enabling technologies are the
laser-boosted shuttlecraft discussed in Chapters III through IX, and the
gigawatt laser power-beaming technology reviewed in Chapter II.

Chapter XII suggests the possibility of laser-boosting large (e.q.,
100 to 1000 m lory; cylindrical heavy-1ift launch vehicles (HHLY) directly
into orbit for purposes of space industrialization and colonization. The
Jaunch vehicie design 1is baced upon lighter-than-air vehicle structures
technology, and finnovitive variable-cycle 1laser propulsion engines which
are attached to the HLLV vehicle ends as . novable power-heads. Once thea
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flexible outer skin s stripped off, the vehicle center section can func-
tion as a standardized building module for rapid assembly of large space
structures. For example, they could be used as "vertebrae" in electrically
conducting backbones of photovoitaic satellite solar power stations, the
primary structure for 0'Neill-type space colonies, or hotels in orbit.

Chaoter XII1I proposes concepts for high-thrust electrostatic propul-
sion within a planetary atmosphere - by using remote microwave/millimeter-
wave and relativistic charged particle beam technology. Although these
electrostatic schemes are the most speculative of all beamed-energy propul-
sfon concepts investigated in this study, they may also have the greatest
payoff when measured by their potential for efficient momentum exchange
with the atmosphere (e.g., propulsive thrust per input beam power).

Chapter XIV examines present and future space nuclear multi-mode
reactor technology for application in hypothesized year 2000 space battle
cruisers, The space platform, envisfoned for use by the USAF Space Com-
mand, would be equipped with high-power lasers, particle beams and electro-
magnetic cannons for strategic defense roles. Three nuclear bi-modal
reactors (e.a., 4000 Md each) would be integrated with each vehicle to
generate either high-propulsive thrust for orbital transfer (as a direct
nuclear-thermal rocket), or high-electric power (e.g., at the gigawatt
level) 1in the open-cycle mode--rejecting heated coolant to space. For
near-term experiments, it would be possible for the battle station }:o
"heam-up" its own laser-propelled manned shuttlecraft from the earth's sur-
face (e.g., the Monocle Shuttle discussed in Chapter X), mating with it in
orbit. In the far term, next generation battle cruisers would utilize,
higher power density gas-core reactors and high-temperature, closed-cycle
MHD conversion systems to generate peak electric power in the closed-cycle
mode-~for ejther electric propulsion engines or power-bezming. In this
era, space battle cruisers could (for the first time) make practical the
concept of laser-propelling their own shuttle craft to and from the Earth's
surface. Although originally based on a DARPA-funded study, this work is
included in this report since these types of vehicles would finally be

I-8
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sufficiently energetic to enable the serious consideration of large-scale
interplanetary missions.

The final chapter of this study hypothesizes a far future era (e.g.,
post 2020) when mammoth {nterplanetary cruisers (e.g., perhaps based upon
the 10 km long 0'Neill Model 3 space colonies) are propelled throughout the
solar system with ultra-high performance fusion or matter-antimatter pro-
pulsion systems. Upon reaching a destination planet, the interplanetary
cruiser would deploy large SSTO shuttlecraft “"carriers” designed to float,
neutrally-bouyant, in the dense low-altitude atmosphere. MNext the carrier,
acting as a "mobile field generator,” might artificially charge up a
portion of the planet's atmosphere, then deploy landing/survey craft to fly
on this field (in order that they may conduct their explorations largely
from the air). When the decision is made to return to the interplanetary
cruiser, the shuttlecraft would be gathered up and the carrier vehicle
would be becosted back into orbit on laser power beamed from the interplane-
tary cruiser. Self-propelled (or laser-propelled) laser-relay satellites
vwould have been deployed in great numbers about the planet, enabling -the
cruiser to beam laser power to shuttlecraft or carrier vehicles located :
anywhere arcund the entire globe. :

D. LONG-TERM CBJECTIVE

The lona-term objective of this study 1s to help stimulate creative :
thinking in the aerospace community, the public, and the government towards %
the far future of atmospheric and space flight.

1-9
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CHAPTER II
POHER-BEAMING TECHNOLOGY FOR LASER PROPULSION

This chapter addresses some of the basic research and technology
issues associated with high-energy 1laser (HEL) power-beaming stations:
specifically, HEL devices, optics, power supplies, atmospheric (and space)
beam propagation, basing modes, and laser/relay engagement dynamics.

A.  LASER PROPULSION TECHNOLOGY

The concept of beaming power from a remote source directly to a space-
craft propulsion system presents a revolutionary point of departure from
conventional chemical and electric rocketry. Since the power source
remains {independent of the spacecraft, a beamed-cnergy propulsion system
can sirmultansously overcome the two classical 1limitations of specific
impulse (e.g., 400-500 sec for chemical rockets), and thrust/mass (e.g.,
10-2 to 10-4 N/kg thrust/mass ratio for nuclear-electric rockets). As a
result, beamed-enargy thrusters may attain specific impulses (e.g., 1000 to
3000 sec) approaching the regime of electric propulsion, with thrust/mass
ratios more typical of chemical rockets.

Beamed-energy thruster design strives for simplicity and high
performance--in.exchange for placing as much system ccmplexity as is prac-
tical at the remote location of an incredibly sophisticated power source.
High-grade electromagnetic power {s beamed along direct line-of-sight paths
to the thruster. Herein 1ies the most obvicus of several basic system
Timitations: the maximum range of beam transmission is fixed by the laser
wavelength, finite size of collectors, and diffraction-limited optics. In
additicn, linear and nonlinear atmospheric losses wmust be 1included fgr
ground-based sources.

The most serious problem {s the availability of a suitable high-energy
laser (HEL) source and power supply. Howaver, such HEL devices are aggres-
sively being developed by the military for potential use in future anti-
ballistic missile (ABM) apﬁaications. Laser power levels required for the

II-1
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ABM role are found to closely match that of laser propulsion for “near-
term" USAF and NASA orbit-raising missions (e.g., at least during the next
10 to 20 years). The embryonic field of laser propulsion stands to benefit
greatly from the future availability of a high-power ground- or space-based
laser source with superior pointing and tracking capabilities that far
exceed propulsion needs.
1. Thruster Design

Ideally speaking, the thruster design process would begin with
the widest consideration of potential wavelengths from micro- and milli-
meter bands, through the far- and near-infrared, to the visible and ultra-
violet. Each wavelength has its own impiications for detailed thruster and
spacecraft design. However, wavelength selection (in the broadest sense)
is usually driven by the spec1f1c:mission application. For example, necar-
term orbit-raising miss{ons with attendant ranges of 104 km or more will
dictate the use of very short laser wavelengths (e.g., from 0.35 to
2.5 u). Other uscful missions with ranges from several hundred to several
thousand km could potentially use tha microwave or millimeter bands with
sufficiently large transmitting antennas. ..

A great diversity of continucus (CH) and repetitively pulsed (RP)
laser propulsion engine concepts has been suggested in the literature (See
Appendix A). Howaver, they can all generally be placed into threa distinct
generic classes: Laser-thermal. laser-electric, and combinad laser-
thermal/electric cycles. Most current rescarch {s focused on the laser-
thermal cycle. :

A number of laser-thermal rocket engine concepts is shown in
Figure II-1. Laser-thermal rockets absorb beamed radiation into solid,
1iquid, and gasecus propellants by the mechanisms of: (1) inverse
Bremmstrahlung (both Tlaser-supported combustion and detonation regimes),
(2) continuum absorption, (3) molecular (1ine) absorption, (4) particulate
absorption, and (5) indirectly, by way of heat exchangers. To trigger
jnverse Bremmstrahlung, the mechanisms of laser-induced breakdown, electric
sparks, seed gases/liquids/particies, and solid igniter-surfaces have been
proposed. R
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Laser-Thermal Rocket Engine Concepts
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Laser-thermal thrusters use one of two basic window concepts for
transmission of laser energy into internal engine chambers: a) material
(solid) windows, or b) aerodynamic window alternatives--shown in
Figure [I-2. For solid windows, current research is centered on developing
low absorption, 1low reactivity materials, and 1in understanding the
mechanisms of optical surface degradation. Aerodynamic windows are, of
course, being developed for a number of laser generators themselves. In
addition to other research areas, basic mechanisms of gas transport are
being modeled to examine the limits on aero-window operation in the space
environment. Specific impulses (Igp) attainable by this class of engines
fall in the range of 800 to 2000 sec. Peak Isp values are limited by pro-
peliant dissociation and fonization losses, and cooling restrictions of
thrust chamber walls.

Figure II-3 portrays the second generic class of laser prcpulsion
enginas: laser-electric rockets. This category requires the interim con-
version of laser-to-electric power, before delivery to conventional elec-
tric thrusters. Both continucus and rcpetitively-pulsed conversion cycles

have been proposed for either AC or OC electric power. Candidate laser-to-

electric power converters include conventional Brayton or Rankine cycles--
utilizing turboalternator, CH or RP MHD genorators, reciprocating Sterling
engines (with alternators), photo-electric cells, photo-electron chemical

cells, theémionic, or photo-emissive approaches. In addition to conven-

tional finned-tube and heat-pipe space radiators, other lightweight radia-
tor concepts have been suggested for very high temperature operation:
e.g., flattened-tube refractory, 1liquid-drop, and "light bulb" radiators.
The Tlaser-electric thruster class can theoretically attain specific
impulses beyond the 2000 second limit of laser-thermal thrusters, but not
withcut a significant penalty in overall system thrust-to-weight ratio.
Finally, the 1laser-thermal/electric combined-cycle thrusters
represent a merging of elements essential to the first two classes of laser
propulsion engines. Direct laser heating of the propellant first brings it

to plasma temperatures; then, electrostatic or electromagnatic forces
accelerate the plasma to final exhaust velocities. The 1latter process’
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(From Reference 1)
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requires part of the remote laser power to be simultanaously converted to
alectricity. This high-grade electric power 1s then directly imparted to
the gas as pure translational energy--rather than first baing deposited
into molecular vibration or rotational enargy states. An exemplary sche-
matic diagram for such a thruster is displayed in Figure II-4.

2. Optical Train Design for OTV/Thruster

Mission and engine requirements strorgly {nfluence overall
optical train design. Earth-based laser transmitters must be equipped with
adaptive optics to successfully propagate the beam up through the
atmosphere without suffering excessive distortion caused by turbulence and
thermal blooming. Clearly, space-based sources will avoid all such
requirements on the laser transmitter.

The overall geomatry, size, articulation and, therafore, waight
of the receiver optics (mounted to the laser-propelled spacecraft) are
dictated by the choice of laser wavelength, distance batween source and
recefver, and basing of the source. Hirror elements in the train can be
reflecting or refracting, simple or coempound. In most cases, reflecting
elements will require high-reflectivity, multi-layer films to reduce coo!-
ing loads and thermal-induced optical distortion. High-powaer windows and
refracting mirrors may nced anti-reflection coatings to reduce losses.

Depending upon the incident time-average flux, engine mirror ele-
ments can either be radiantly-cooled (e.g., large primary receiver mirrors)
or actively-cooled by gasecus, liquid or perhaps cryogenic coolants. For
certain spacecraft designs, optical elements may be rotated (i.e., spun) to
reduce the time-average thermal load by smearing the laser flux aver a
large surface area. Heavy mirror cooling loads might be met by a new class
of advanced "heat-pipe" system with superior heat transfer capabilities.
Certain reflecting optical elemants may avoid heavy thermal loads by using
grazing-incidence optics toc spread the laser beam over a ruch 1ar§cr
footprint--thereby greatly reducing the incident laser flux density. In
some cases, transpiration-ccoled (rather than regenerative) optics may be
the answer, although che application would need to be highly specific.
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In any case, strict control over the {ncident laser beam pulse
energy, fluence, time-average flux, and beam spot locatien 1s necessary to
avoid exceeding the damage limits of elements in the optical train, as well
as cocoling limits of internal engine chamter walls. Inaccuracies in point-
ing would cause the powerful beam to stray across "softer” spacecraft
external skins, so fail-safe control systems must be developed to prevert
self-inflicted damage.

Finally, for certain laser propulsion engines requiring seeding,
careful control must be maintained over: a) injection of solid or 1liquid
alkali "seed" materials into interral engine chambers, and b) subsequent
ejection of contaminated high-velocity exhaust plumes--to prevent coating
spacecraft optical surfaces with highly absorbent particles. Otherwise,
these surfaces might become so serfously degraded in reflectivity as to
trigger their own destruction.

B. ASSESSMENT OF LASER POWER-BEAMING STATUS

The principal elements of laser power-beaming systems are the primary
energy source, conversion, power-processing, storage, and transmission as
indicated in Table II-1. The interrelationship between system elements for
an exemplary solar/photovoltaic/electric-laser system {s shown in
Figure II-§. The following discussion explores these elements in greater

'deta11.

1. Laser Device Technology
As suggested above, the great diversity of candidate energy con-
version concepts for laser propulsion engines will collectively demand an
unusually high degree of flexibility from any futuristic HEL device tech-
nology. Therefore, laser power-beaming astations must have the inherent
ability to deliver either CW or RP waveforms (with variable pulse repeti-
tion frequency, pulse energy and pulse duration), be throttleable over a
significant power range, and generate a wide variety of laser wavelengths
with high operational efficiency.
The primary energy sources available for laser power-beaming
include chemical, nuclear and solar. Laser device technologies which

I1-9
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TABLE II-1. POWER BEAMING TECHNOLOGIES

1. GRERGY SOURSED 3. POWLER PROCISSING
— CHEMICAL — ELECTRICAL
~ NUCLEAR - MECHANICAL
-- SOLAR
2. CORVERSION TEGHILEQUES 4. STORAGE
— PHOTCELECTRIC — CHERICAL
— THERMOELECTRIC — THERMAL
— THERMIONIC — MECHANICAL
— ELGCTROCHEMICAL — ELECTRICAL
— GASDYNARMIC

—~ MAGNETOHYDRODYNANIC

8. TRANSLASSIBA
— LASER
— MICROV/AVE
— MILLUMETER-WAVE
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depend upon direct-oumping by these sources (regardless of whether the
laser working medias are gaseous, liquid-dye, or solid state) can be imme-
diately eliminated from consideration for future widespread use in laser
propulsion applications. (They will be used only in limited roles for
near-term experiments.) By the very nature of their design, direct
chemical-, nuclear-, and solar-pumped lasers i{mpose severe restrictions
upon the resulting wavelengths and waveforms which can be generated. Only
the combined synergistic application of: a) interim energy conversion to
*high-grade" electric power, b) appropriately flexible power-processing,
and c) highly versatile laser device technology--can lead (most expedi-
ently) to a power-beaming system which has the greatest chance of satisfy-
ing stringent requirements for laser propulsion.

The free-electron laser is the only high-energy electric laser
technology which holds great promise for such versatility. Coincidentally,
the FEL is undergoing extensive development at many laboratories for mili-
tary defense power-beaming roles--largely because of {ts excellent
prospects for achieving high brightness at short wavelengths (e.g., 0.35 to
1.0 pm) with high "wall-plug" efficiency (e.g., 25 to 57 percent).

The basic principles of the free electron laser concept shown in
Figure II-6 seem very straightforward: Electrons accelerated nearly to the
speed of light are injected into an alternating magnetic field where the

. resulting transyerse accelerations cause them to emit synchrotron radiation

in the direction tangent to their motion. Because of Lorentz contraction,
the wiggles in the magnetic field appear to the relativistic electrons to
have a very short wavelength, approximating the wavelength of Tlight.
Corresponding to any choice of electron energy and magnet periodicity,
there will be an appropriate resonant wavelength, where the synchrotron
radiation from electrons in one "wiggle" tends to add in phase with the
radiation from the electrons in subsequent wiggles. Hence the synchr:oton
1ight field gruws in the mean direction of electron motion.

As the light field becomes stronger, it tends to trap the elec-
trons in a traveling potential “bucket" caused by the interaction of the
1ight field with the electron charge. I¥ the electrons are injected with
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slightly more energy than the exact resonant energy, the trapped electrons
then oscillate about a mean energy in the bucket and give up energy to the
light field as they pass down through the wiggles, so that net gain in the
strength of the light field occurs. (The resulting amplifier superficially
resembles the traveling wave tubes familiar to microwave engineers.) The
FEL is completed by placing mirrors at opposite ends of the device to feed
back radiation so that the process continues to the point of saturation--
wherein all of the available (i.e., correctly.phased) electrons are trapped
and give up the maximum available excess energy.

The device can run as an oscillator if the gain is sufficient,
and the feedback is arranged so that the electrons and the light cohabit : :
for a long enough tims., Alternatively, the device can be run as a master-
oscillator/powar amplifiar (MOPA) if it is designed so that a strong light
pulse from another laser is injected to initiate the electron trapping; 2and
a large amount of energy is then extracted in a single pass to yield large
amplification.

Even though several benchmark achievements remain to be demon-
strated before the feasibility of high-energy FEL devices can be declared
certain, there are numercus compelling reasons for believing that there
will be no major roadblocks. The principal reason for this claim is that
FELs represent a natural outgrowth of many years of experience with wall
known phenomena in well understood regimes of theoretical and experimental
physics. Unlike the disappointing history of, for example, controlled
fusion research (where ever-more energetic experiments were pushing ever- 3
more deeply into unknown parameter regimes of plasma physics), the basic

- single-particle physics of the FEL process is thoroughly understcod and
fully validated. )

The present laboratory experiments have already reached a point |
where a single pulse demonstration of FEL operation (comparable to the
required performance level for a postulated high-energy machine) has been
accomplished at 10 microns wavelength. Demonstration of similar success at
1 micron (or shorter) wavelength might be accomplished in one year, barring
ulterior impediments such as inadequate research funding. After that

I1-14
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demonstration, building a short wavelength high-energy FEL machine can be
characterized as an engineering problem mostly in the realm of accelerator
physics, which is an old and mature discipline. People who are deeply
involved in detailed accelerator design regard the planning of the required
high-average power accelerator as a straightforward engineering challenge.

Because most present accelerators have rather poor emittance,
Smith and Madey at Stanford3 have explored possibilities for matching the
full acceptance of a short linear wiggler magnet to the emittance of
present accelerators. The short wiggler forgives poor emittance and energy
spread but requires a huge current to overcome poor trapping efficiency.
This results 1in systems with good gain and power output over the entire
wavelength range from the far infrared to the far ultra-violet. For an
optimized system, the gain turns out to be independant of the wiggler
length, while the output power scales as the reciprocal of the cube of the
length. A typical example for a 20 I laser operating at 1 micron wave-
length with a gain of 0.016 requires a 72 MeV beam operating at
560 amperes.

A second approach urdergoing extensive research by Brau et ald at
Los Alamos Hational Lab involvas the use of a 100 HeV RF Linac de11ve€1ng
an average current of ~ 1 Ampere to a tapered wiggler a few maters long.
Scaled-down experiments have already demonstrated 3.5 percent extraction
efficiency at 10 microns, proving the physical viability of this approach.
Since overall 1laser efficlency will not exceed a few percent, energy
recovery is necessary to get the wallplug efficiency up to 25 percent.

A third method 1{s particularly suitable for the high-current
beams being investigated at Lawrence Livermore National Lab by Proznitz,
Neil, et al.5 In this approach, a very long wiggler is intended to achieve
both high trapping and high extraction with no need for energy recovery.
This method 1s particularly suitable for a master-sscillator, powar ampli-
fier (MOPA) configuration because the very high gain can eliminate the need
for feedback mirrors--an important simplification. Computer models point
to overall laser efficiancies approaching 40 percent.
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Finally, Madey6 is continuing his investigation of a long gain-
expanded wiggler in a storage ring accelerator to achieve high effi-
ciency (~25 percent) in spite of very low extraction efficiency (-10'3). A
10 MW machine for visible wavelengths would require 1 GEV with 3 amps of
trapped current.

Each of these four methods has particular merits that need to be
investigated in depth to determine the best approach. A good review of the
several possible paths to high-efficiency, high-power FELs is given in
Reference 7.

Therefore, because of the programs outlined above, chances are
good that an efficient FEL which exactly meets the needs of future laser-
propulsion orbit-raising missions will exist well before the year 2000.

2. HEL Mirror Technoloqy

The ability of an HEL mirror to handle a given level of laser
power depends heavily upon its diameter, total reflectivity and cooling
method.

At power levels of interest for FEL power-bezming laser propul-
sion systems, actively-cooled hare metal mirrors will be unable to maintain
the required figure at all interesting wavelengths, due to excessive levels
of thermal absorption. One exception is for the case of very large mirrors
which dilute the encrgy fluence to a survivable value. In this instance,
aluminunm is best at d.35um giving 92 percent reflgctivity; silver 1s best
at 1.0um, yielding 99 percent reflectivity.

Mirror coatings to achieve reflectivities better than $9.5 per-
cent appear feasible at all but the shortest visible wavelengths, where
atomic dimensions become significant in determining the achievable uni-
formity of layer thickness. Multi-layer thin films will be necessary to
achieve reflectances of 99.5-99.9 percent. For example, at 0.35um twenty

layers are required, maintaining an overall thicknmess uniformity consistent

with ~ /40 total figure. Layer thickness uniformity must be controlled to
0.1nm, which 1is less than the diameter of an atom. At 1.0um, fewer layers
are required because of better underlying metal reflectivity. Required
layer uniformity to =~1.0nm {s readily achievable. -
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Mirror cooling constraints are very severe, but new innovations
appear to be providing the needed advances in the state-of-the-art for all
but the shortest visible wavelengths. Consistent with A\/40 optical distor-
tion, 4 J/cml per pulse appears to be a hard upper limit on present state-
of-the-art in coated mirrors for pulsed laser systems.* In the CW limit,
water-cooled mirrors have been demonstrated successfully at 30 W/cm2
absorbed sustained flux (heat transfer coefficient = 5§ w/anK). In the CW
1imit, liquid-metal-cooled (HaK eutectic) mirrors with 0.30 cm thick tung-
sten carbide faceplates have successfully withstood 200 W/cm2 (heat trans-
fer coefficient = 35 H/cmeK). Gaseous or cryogenic cooling &ppears
unpromising due to the low thermal conductivity of the gaseous layer at the
mirror surface. Heat-pipe mirrors with wicking grooves theoretically may
yield effective heat transfer coefficients of 350 H/cmzK. An excellent
comprehensive review of HEL mirror coating and cooling technology can be
found in Reference 8.

Shown in Figure Il-7 are the 1imits on total incident laser power
imposed by the properties of mirrors using the representative cooling
schemes mentioned above: 1{.e., a) water, b) liquid-matal (NaK eutectic),
and c¢) wick-type heat-pipes. Boundaries are shown on 99 percent and
99.9 percent surface reflectivity. A line is also indicated for 92 percent
reflective bare aluminum at 0.35 um. The 99 percent figures represent bare
metal at 1.0um.: As indicated, a 5 mater diameter mirror with 99.9 percent
reflective coating and heat pipe cooling system can handle (at near norrial
incidence) a 50MW laser beam; 10n mirror - 200M4: 20m mirror - 800MW.

3. Basing Considerations

The most cxpedient route for earliest deployment of an effective
FEL power-beaming system for laser propulsion applications would be to base
it on the ground, and use light-weight "relay" mirrors (placed in fixed
orbits) to reflect the laser beam as shown in Figure 11-8. Thesa mirrors
would then be precisely aimed to propel OTV spacecraft.

* These data are based on a 45 layer MgQ/MgF; dielectric stack on alumi-
nized molybdenum substrate 0.5mm thick, heat transfer coefficient 5 H/anK
0.35um wavelength; lusec pulse-iength at 100 Hz.

[1-17




Yy
R

THE BDM CORPORATION

" ETT TTTHN Hlmu_lllumﬁ/a/rul

IR
[ LETI

SRR

IAIRROA DIASMETER (CA2)

I {1

Lt 1

10 1 10 10t g

AVERACE LASER POWIR (£1¢0

Figure II-7. Power Handling Capabilities of HEL Mirrors
(From Reference 7)

I1-18

r="



I1-19

/ e ”
//I II ! // . - // ’/ . -
/ ' . e ! -7
,/ ’ * ! e ’/I )
/4 /’\ / - “‘
yalvs y
- THE BDM CORPORATION
ORIGINAL PAGE {5
OF POOR QUALITY
! !
ORELITAL MOTION
ORBITAL TRANSFER vemcz.?uﬁ 4
RELAY SATELUITE VEHICLE .S, BEACON
— o TRANSMITTER
- JoS AND
T <l DATAUNK
A ! .
!
II'
-
{
. ll //
- *-/ /’ I
[ ;
- !‘ 4 !
i/ %
/
$ MIRROAS t
vacuum ;
/ PUMPS :
/ Figurc II-8. Free Flectron Laser Site with Orbital Relay
/ Hirror and Autonomous Powar Source High
// Elevation Reduces Losses Due to Atmospheric
. Extinction.



1

e e ee - .._....___._7
,

~——n

g
[
/

y

r o

o . ¢ B -
- . . '
. - ° ¢ ’ v
— P / //

/ 1 ;7

- ——

-

4 I'd
. e = Ay et e v 6 b EeAe W e, S C & 3w me e o e 1 e e xm
R I T R e o ' N i

THE BDM CORPORATION

Since the laser installation would be on the ground, the efforts
of scientists could be strictly devoted to developing the basic device and
optical train, without simultanszously having to worry about such poten-
tially critical issues as the system mass, volume, overall dimensions, and
survivability in a high-vibration launch environment. The electric power
plant becomes a non-issue, since today's conventional city power plants
reliahly generate 1000 MYe or more. Also, the laser device and optical
train could be engineered for easy maintainability, initially using tradi-
tional laboratory practices.

Ground-based 1laser (GBL) installations would be placed upon
mountain tops in order to minimize beam distortion effects of the atmos-
phere. The use of FEL device technology would permit the laser wavelength
to be selected for minimum atmospheric absorptivity; hence, thermal
blooming could then be reduced to insignificance (if not entirely elimi-
nated) by the proper choice of beam power and output projector diamater.
The beam-spreading effects of atmospheric turbulence c¢an be greatly reduced
by using adaptive "uplink” projector optics.

The simplest embodiment of this schema e¢mploys a beacon attached
to the space relay platform. The beacon transmits an initially undistorted
spherical wavefront from the relay satellite toward the ground transmitter
to diagnose the effects of the atmosphers on the beam path. (The trars-
mitter aperture would ba shared by a sensing system operating betwzen laser
powoer pulses.) The sensing system would provide feedback correction sig-
nals for the adaptive elements to pre-bias outgoing high-power wavefronts
so that they would arrive at the relay satellite as a diffraction-limited
beam. This concept is further described 1n Reference 9.

A full-scale power-beaming system for laser propulsion would
involve, for example, 6 to 10 mountain top installations with parhaps 2 to
4 GLBs at each site. Installations would be placed in “sunbelt" sites
carefully selected from long-term meterological data--such that one site
could always count on clear access 1inks to space relays. The number of
relay mirrors at moderate (e.g., 3000 to S000 km) orbits would be selected
to maintain ‘"uplink" zenith angles within +60° from vertical. otV
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spacecraft coming in low over the horizon would seldom be engaged directly,
but by way of the space relay mirror in order <o minimize atmospheric
attenuation.

Space-based lasers (SBL) have the advantage of inherently avoid-
ing the atmospheric turbulence correction problem, but face the Ssevere
restrictions of lightweight design enginsering for the laser device, power
supply, beam projector and integrating spacecraft structure. Efficient
packaging for shuttle boost to orbit, as well as methods of packaging for
easy erection (once in space) are additional major considerations. The
rejection of waste heat from both powar supply and laser device (to space)
becomes a problem of paramount importance. Therefore, these requirements
may push the deployment of space-based free-electron lasers for OTV power-
beaming applications into the “far-term,” possibly as late as the 2ist
century.

Figure [I-9 from Reference 10 1s a mapping of representative
laser paramaters finto bgam brightness, the best moasure of overall power-
beaming laser system capability. Since this quantity {is measured at the
final ocutput mirror (or projector)--on a direct line-of-sight path to t@e
0TV vehicle, the chart applies equally well to both space-based and ground-
to-space-relay laser systems. The map reveals the {interplay of equivalent
mirror (aperture) diameter, wavelength, pointing and tracking accuracy
("Jitter®), and laser power. An expression for beam brightness (B) is
given as: )

B = (P/210%) L, (watts/sterradian) ()

where P is the laser power in watts, oy 1is the total beam spread in
radians, and L is tha beam quality. .
As indicated in Figure II-9, a 5044 beam of 0.35um radiation  will
give a brightness of 5X1021 watts/sterradian with a 5 meter aperture, a
very low value of Jitter and perfect beam quality. A 1044 beam appears
close to the minimum useful level for "near-term" orbit-raising propulsion
applications. )
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4. Adaptive "Uplink" Optics

Several approaches are being considered to address the "uplink"
turbulence correction problem. These include piezo-electrically driven
mirrors of both segmented and deformable membrane type, and also electro-
optical devices (particularly non-linear phase conjugators) which pota.-
tially can generate the needed phase corrections with no moving parts.

Requiremants for vigorous ‘"uplink" turbulence correction will
require a frequency response of 3 KHz. In the near-term (5-10 years), this
requirement will probably dictate a segmented approach (e.g., such as the
Rocketdyne multi-hex system shown in Figure II-10) to construction of the
phase adaptive mirror, rather than the deformable membrane alternative.
The low mass of the hexagonal elements permits high-frequency response
together with needed cooling, without prohibitive power requirements for
the piezo-electric actuators. This approach should also permit use of
inexpensive, optically flat elemants instead of expensive, large continuous
optical surfaces. Phasa conjugation in a non-linear medium remains a
"dark-horse" possibility whose time of avail:hility for high-power applica-
tions remains unpredictable at present.

At the shortest wavelength (0.35 um) and large zenith angles

(e.g., 609), the atmospheric coherence scale (rp) is 2-3 cm under worst

conditions. This situation will require the transmitter primary mirror to
perform the phase correction function, because thermal loading of thousands
of t%ny elements in a secondary mirror would pose unsolvable problems.

For laser propulsion applications, uplink projection of a several
hundred megawatt beam at 0.35 um requires roughly a 4 m primary aperture
because of 1linear and non-linear atmospheric propagation limitations.
Hence, the primary mirror must be assembled from ~4 x 104 adaptive ele-
ments. This will require the use of mass production techniques in the man-
ufacturing of these elements which, as suggested above, probably nced-only
be figured to an optical flat surface. This approach, however, should
result in a considerable decrease in the production times and costs associ-
ated with figuring large monolithic mirrors.
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High-reflectivity coatings (e.g., at least 99.9 percent reflec-
tive) will have to be developed to reduce the absorbed flux loadings on
small secondary mirrors within the optical train.in order to permit cooling
them with water or 1liquid metal. If these same coatings were applied to
the primary mirror adaptive elements, the absorbed flux would be reduced to
roughly 10 times solar Irradiance (for a 200 MW beam). Therefore, active
cooling for the adaptive elements themselves may not be rejuired, alithough
some cooling system may be needed for removing laser energy (e.g., 0.1 per-
cent) falling into the cracks between HEX elements.

As with all other technical issues mentioned above, the problem
of parallel computer processor control of 104-105 adaptive elements falls
into the category of an engineering challenge, rather than a technical bot-
tleneck indicative of any fundamental or physical limitations.

5. Atmospheric Propagation Constraints

Any serious consideration of the Ground-Based Laser/Space-Based
Relay (GBL/SBR) concept must recognize that up-link propagation of the
laser beam through the atmosphere will be a decisive factor in determining
feasibility of the system. It appears, on the basis of the current per-
spective, that turbulence problems are solvable in much of the wavelength
range from 0.35 to 2.4 microns, but that the longer wavelengths are prefer-
able because of ruch lower absorption and scattering losses, provided that
other system issues do not dominate the propagation issue.

Atmospheric extinction for short wavelength laser radiation has
been studied to a considerable extent and tabulated information 1s avail-
able for laser lines of interest and a numbar of different atmospheric
models.11-12  Numerical values for absorption and scattering are normally
ccmpiled as function of altitude. For a given beam path, then, the
atmospheric transmittance may be written as:

TR = exp{ - /.(Ka +ag, * Km + o‘m) dR} (2)
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where Ky and oy are the aerosol absorption and scattering coefficients, Kn
and o are the corresponding values for molecules. The transmittance for a
given wavelength is best for clear days, i.e., low aerosol contamination.

Any attempt to propagate a high power laser beam from the ground
to space wili be heavily influenced by the integrated properties of the
atmosphere in the beam path. The hefght of the ground site above sea level
is the principal determinant of the overlying ajr mass and its mofecular
composition, which fundamentally affects the transmittance to space through
both absorption and scattering processes. The prevailing weather patterns
at the site heavily influence the aerosol content (i.e., -vapors and dust),
which plays a major role in determining the scattering of power out of the
beam. The zenith angle (i.e., angle, Z, from the point straight overhead)
determines the total distance traversed through the atmosphere, which is
proportional to secant Z to a very good approximation. The air turbulence
and its effect on the laser beam is strongly dependent upon altitude, wind
velocity, temperature, time of day, season of the year, and geographical
features of the environment. The relative and absolute importance of all
of these factors is, in turn, greatly affected by the wavelength, which is
the key system paramater. .

For any GBL/SBR system, all of the foregoing factors directly
affect the system properties. To deliver a prescribed brightness to the
relay, the laser power must increase as a direct function of zenith angle
to make up for losses haused.by the atmosphere. Since there are practical,
as well as physical upper 1imits to the laser power, the required number of
relay satellites also becomes a function of zenith angle, because one or
more satellites must always be visible within the reachable cone of zenith
angles. Within Timits imposed by other mission constraints, the required
number of relay satellites can be reduced by placing them in higher orbits
where each satellite movezs slower and views more of the earth; but this
drives up the mirror size, and hence the mass, of each relay device kas
well as system inertia and dynamic response complexity).

Other atmospheric factors are involved with the design of the

ground-based transmitter optics. The projector aperture must be large

11-26
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enough to prevent the power density in the beam from exceeding the thres-
hold where non-linear effects (e.g., breakdown) take place. Such effects
vary greatly with wavelength. Also, the size of the atmospheric coherence
length, ry, varies with wavelength. The associated disturbances can be
corrected with adaptive optics of elther the continuous membrane or multi-
segmented types, so ry determines the size, and thus the required number,
of the adaptive zones in the mirror surface. The required frequency
response of the adaptive elements {is determined by the frequency of the
turbulence, typically 3 kHz maximum, as mentioned above.

In this section, the entire atmospheric transmission problem is
analyzed in sufficient detail to determine a good approximation for all of.
the required system parameters. The work was first done analytically, and
then the rasults were checked by modifying the Air Force state-of-the-art
propagation code, ESP4-SHL, to simulate the GBL/SBR problem for laser pro-
pulsion applications. The results by both methods are in excellent agree-
ment. '

Figure II-11 displays the typical atmospheric transmittance to
space from 3 km mountain peaks as a function of wavelength for several
zenith angles of interest: 09, 459, 609 and 70.59. A zenith of 600 is
equivalent to two vertical atmospheric path-lengths, and 70.59 1s equiva-
lent to three. The overall atmospheric bandpass spectrum is adapted from
astronomical data. Atmospheric transmittanca to space is clearly a strong
function of wavelength and zenith angle.

Superimposed upon the plot are values of transmittance calculated
by the ESP4-SHL code for various wavelengths and zenith angles of interest,
with the following exemplary assumptions: Mid-latitude summer atmosphere,
10 m/sec crosswind to clear the beam, 3 km altitude ground-based laser
site, and beam slew calculated for direct uplink to relay mirrors in orbit
at 3000 km., Figure II-12a displays this same ESP4-SHL data, cross-plotted
to show more clearly the transmittance versus zenith angle as a function of
waveiength.
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Note that excepticnal transmittance occurs at 1.0 um by Nd:Glass
lasers, at 1.25 um by 2nd overtone CO lasers, at 0.53 um by frequency-
doubled Nd:Glass--or at any of these wavelengths by free electron lasers.
The iodine laser family, operating at 1.315 um, encounters major molecular
absorption due to a mixture of molecules naturally occurring in the
atmosphere. This not only absorbs a large fraction of the beam power, but
also causes a large amount of thermal blaoming.

Figure II-12b displays the values for uncorrected turbulence-
induced beam spread calculated by the ESP4-SWL code. It is evident thaf a
factor of 30 to 40 reduction in these values must be accomplished by the
adaptive transmitter optics in order to prevent the uplink beam from being
dominated by turbulence considerations alone.

Presented in Figure II-13 are the values for the thermal blooming
parameter, IREL (relative irradiance), calculated by the code. The results
for 1.315 um, the {iodine laser, are not included because it bloomed so
badly. The best {odine IREL value was 0.015 for a 50 M4 beam and vertical
propagation. The other results indicate that for wavelengths of
0.35 um, 0.459 um, 0.66567 um, and 1.06 pm, thermal blooming probably can
be completely corrected by adaptive optics at zenith angles cut to 60° and
power levels up to 350-400 MW. It is interesting to note that the trans-
mission to space at 0.35 ym and 0.459 um is less than 1.315 um, but the
blooming is much less also because the beam attenuation at the short wave-
length is due primarily to scattering rather than absorption.

Figure II-14 shows the anticipated values for the coherence
length, rg, as a function of zenith angle and laser wavelength. The calcu-
lation was made with Fried's turbulence modal assuming a an value typical
of conditions at a 3 km altitude site (Maui). Using the Miller and Zriske
profile for the Maui site, the turbulence coherence length can be expressed
as

3/5
Az

ry = 0.1847 = (3)
Jg dz C N(z) )
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Figure II-12b).

For mountain-top ground-based lasers with power levels of up to
300-400 MW, a transmitter diameter of 4 m appears adequate for reducing
thermal blooming to within 1imits correctable by adaptive optics (assuming
2 10 m/sec cross-wind velocity to clear the beam), even for zenith angles
approaching 600. Simple calculations indicate that electrical air break-
down will not occur at these power levels, pulse repetition frequencies,
and pulse durations of f{nterest. HNo other non-linsar atmospheric propaga-
tion effects are anticipated. Therefore, the problem reduces to the linear
regime where the necessary relay satellite receiver aperture becomes a
diract function of transmitter diameter, zenith angle, relay altitude é&nd,
of course, laser wavelength.

The "uplink" map in Figure 1I-15 presents the results of such a
calculation. “The following initial assumptions are made in the analysis:
a) the laser device has a .specific beam quality*, b) the "uplink™ zenith
angle 1s set at zero degrees (i.e., straight up), c) the ground-based laser
is placed at the top of a 3 km altitude mountain (e.g., Maui), d) the use
of adaptive optics reduces turbulence-induced beam spread by a factor of 40
from the uncorrected case, and finally, e) the ralay receiver aperture is
sized to intercept 95 percent of the incident radiation. Assuming a gaus-
sfan distribution to represent the received beam intensity, the relay

* Here beam quality refers to the narrow-angle beam spread cémponent,
and not the wide angle component associated with distant side-lobes.
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where . 3
- p
f ¢?, (2) dz = 6.65 x 1013, (Fried, 1980) (4)
0
and, therefore, the turbulence-induced, long term beam spread is
oy (Long Term) = 0.45 Ay (5)
4
Fried's formulation generates turbulence-induced beam spread values which
agree well with those predicted by the ESP4-SWL computer run (displayed in
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extends only to the e-2 intensitv level. (Previous ARED space relay
studies, e.g., Refs. 13 and 14, have truncated the beam at the e-1 inten-
sity level or higher for relays placed in geostationary orbit, thus accept-
ing major beam spfillover and consequent powar Jloss in exchange for a
small aperture diameter.) . .

The minimum beam spot size projected by a GBL on the space relay
receptive optics is a large function of the beam spreading due to diffrac-
tion, atmospheric turbulence, thermal blooming and jitter of the transmit-
ting optics. The total beam spreading may be expressed as

. 02 = ag + o% + cg + og (6)
where D, T, J, and B denote the contributions due to diffraction, turbu-
lence, Jitter and thermal blooming. The beam spread component due to
diffraction alone is given by:

op = 0.45 A8/D (7)

where A is the laser wavelength, 8 is the (narrow-angle) beam quality, and
0 is the diamster of the GBL transmitter aperture. Hence, the peak inten-
sity I projected upon the relay mirror is

I, =P T2 m (aR)2 (8)

where P {is the total transmitted power at the GBL aperture, TR is the
transmissivity of the atmosphere, o {is the one-sigma beam spread angle, and
R 1s the range between the GBL laser and relay satellite.
Several interesting conclusions are reached by
Figure II-15. First, it is evident that ground-based laser pointing accu-
racy requ‘-ements are an order of magnitude less stringent than those for
the relay cross-link to laser-prop2lled OTVs: 1 sigma jitters in range of
0.1 to 0.2 prad are entirely adequate. It is also clear that a factor of
30 to 40 improvemant 1in uncorrected turbulence-induced beam spread is

exanining
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required to bring turbulence-induced beam spread in line with the other
components (diffraction and jitter). Finally, it should be noted that for
zenith angles near zero and low relay altitudes (e.g., 3000 km), the
required relay receiver diameter to intercept 95 percent of the uplink beam
power is substantially smaller than the relay projecior aperture diameter
required, for brightness-to-target. Therefore, for the monocle approach,
which combines both requirements upon a single mirror, the uplink beam best
be de-focused to flood the entire aperture, because the final relay aper-
ture size ic determined by what is needed to project the requisite bright-
ness to the laser-propelled OTV.

Additional conclusions beccme evident when the infitial uplink
mapping analysis is extended to include zenith angles of 600 and 709, and
poorer beam qualities. Turbulence beam spreading effects for 0.35 um
wavelength finally cause the beam to completely flood a 4.5 m receiver
aperture at a zenith angle of 70.5 degrees and a slant range of 4,480 knm,
although the power required for such a large zenith angle would be preohibi-
tive because of large amounts of atmospheric scattering loss.

Clearly, it is the shortest wavelengths and the largest zenith
angles that place the most stringent requirements on uplink adaptive
optics--and fix the minimum effective atmospheric coherence length, which
in turn sets the maximum dimensions of the GBL adaptive transmitter ele-
ments themselves. For 0.35 pm radiation, the elements must be roughly
2-3 cm across to be effective in turbulence correction at zenith angles
between 600 and 700, Regarding the effects of reduced beam quality (narrow
angle beam spread only), the results summarized above are not significantly
changed for any zenith angles between 00 and €09 if the relay design
requires the sama aperture diameter for projector and receiver elemants.
Generally, the beam would have to be expanded anyway to fill the entire
recefver aperture.

6. Space-Bzsed Power Supplies

Clearly, the electric power supplies for ground-based FEL power-

beaming stations will pose no particular technology problems regardless of
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whether they take open-cycle or closed-cycle configurations. By sharp con-
trast, the total mass of space-based power supplies is of critical concern,
since it all nust be boosted from the Earth's surface. This section
explores the alternatives for SBL power supplies based upon chemical,
nuclear and solar primary energy sources.

The most powerful chemical sources suitable for'generating tens
to hundreds of MWe are rocket-driven turbo-alternators and MHD generators.
In additfon to liquid hydrogen and 1iquid oxygen, these gas generators can
utilize a great variety of fuels and oxidizers, and must operate in an
open-cycle mode. The best chemical rocket generators can exhibit a pro-
pellant specific power of 2000 kJe/kg. Although the total mass (i.e., dry
mass plus propellants and tankage) of such electrical power sources can be
exceedingly small for run times less than several hundred seconds, their
overall performance is easily exceeded by bimodal nuclear power plants.

Bimodal nuclear reactors, which are being studied for military
space power-beaming roles, generate peak electric power with MHD generators
or turbo-alternators operating in the open-cycle mode (i.e., rejecting the
heated working fluid to space) then flash back into a closed-cycle mode for
producing station-keeping electric powar and for removing reactor after-
heat. Figure II-16 is an artist's concept of such a system using light-
weight Tiquid droplet radiators for waste heat rejection in the station-
keeping mode. Although the dry mass of such power plants significantly

.exceeds that of cpen-cycle chemical sources, the propellant specific power

can be as high as 10,000 kJe/kg (e.g., with hydrogen)--easily five times
better than the best chemical systems. Therefore, nuclear bimodal power
plants are favored for military missions requiring run times of from
several hundred seconds to 1-2 hours duration.

In order to generate 100 to 1000 MWe, space bimodal power plants
will require reactor thermal powers of 500 to 5000 MW(th), respectively,
assuning a 20 percent efficient conversion cycle. This thermal- power
regime {s exactly compatible with that demonstrated by solid-core nuclear
rocket engines developed in_the Nerva program: the Pewee reactor ran at
500 tw(th), Nerva - 1000 M‘ﬂ(th). and Phoebus - 4000 MY(th). Ir the super-
sonic rockaet nozzles are replaced with open-cycle MHD generators (20, to
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30 percent efficient) or turboalternators (40 to 50 percent efficient),
these powerful nuclear sources could certainly satisfy the FEL power-
beaming needs of many military missions. (Other missions demand particle-
bed reactors which have far superior response times in rapidliy-pulsed power
applications.) An in-depth treatment of multi-mode space nuclear power
plant technology can be found in Reference 15.

Because of the long run times required for most laser propulsion
orbit-raising missions, suitable space-based nuclear-electric power plants
must operate in the closed-cycle mode. (For example, a thrusting time of
several days would not be uncommon for orbit-transfer of a 10-100 metric
ton payload.) Such nuclear-electric power supplies need a compatible work-
ing-gas recirculation system: i.e., compressors, turbines, heat
exchangers, regenerators, miscellaneous ducting, and large, 1lightweight
space radiators--all designed around the above-mentioned military (open-
cycle) nuclear source. The technological risk and cost associated with the
development of a brand new reactor generally dwarfs the costs of all other
power plant ccmponents. Hence, a ccmpatible gas recirculation system could
be developed with low technological risk at a small additional cost beyond
that of the original military bimodal reactor. This could certainly be
accemplished by private industry investment (without governmental funding),
but clearly not without government cooperation in the transfer and licens-
ing of reactor technology.

. In a future era when commercial multi-purpose space power-beaming
stations are built, they will probably employ solar energy sources.
Although ver soft (in the military sense) and difficult to harden, solar
sources have every 1indication of being less expensive than closed-cycle
nuclear systems--and are certain to have much greater public acceptability.

Although multi-purpose solar satellite power stations (SSPS) will
apparently be most economical in the 5 to 10 GWe power range, the first
operational power satellites may have to be considerably smaller to attract
investment capital from the private sector before the year 2000. There-
fore, the first publicly funded SSPS is 1ikely to be a 250 to 500 Mile
demonstrator, placed in 1low Earth orbit or possibly in geosynchronous
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orbit. Since present SSPS research favors solar cell conversion, the sub-
scale demonstrator is likely to incorporate this technology. The mating of
this power plant to a 50-100 MW FEL will enable the first civilian orbit-
raising propulsion experiments, as well as other space industrialization
enterprises (e.g., extractive, refining and manufacturing).

Several variations of the full-scale 5-10 GWe SSPS concept have
been proposed. The Marshall Space Flight Cente-'s (MSFC) concept utilizes
reflecting concentrators to increase the solar intensity falling upon
photo-voltaic (PV) conversion cells above the space ambient value. The
Johnson SFC concept uses a planar, non-concentrating PV array. (Marshall's
SSPS baseline unit measures 21 km by 3.8 km, whereas the Jchnson's is 21 km
by 5 km.) Aerospace Corporation has suggested a segmented, cable-connected
array stabilized by gravity-gradient forces. Another strong candidate is
the closed solar Brayton cycle, based on concentrating reflectors and con-
ventional turbomachinery.

These kilometers' long SSPS structures will roam about in their
orbits, and sufficient boundary space must be allowed to prevent colli-
sions. It is estimated that a maximum of cne-hundred 10 GWe satellites
will fit comfortably along the geostationary orbit. In a future era,
possibly by the year 2000, these mammoth SSPSs and advanced laser propul-
sion engines will enable launch of the space eguivalent of high-speed
freight trains into low earth orbit--finally giving us efficient, eco-
nomjcal, and safe acéess to space.

C. LASER POWER AND RUN TIME REQUIREMENTS: NEAR-TERM OTV MISSIONS

Long running high-energy FELs will also provide an exciting option for
laser propulsion systems to perform useful orbital transfer missions. Sig-
nificant payloads (e.g., 3 x 104 Kg) can be raised to long-term parking
orbits using moderate size laser systems (e.g., 20 MW) with run times of
less than a day.

There are many ways taq group and plot intersecting system parameters
to serve as mission analysis tools. The “first-order" estimate charts in
Figures II-17 and I1-18 (from Reference 16) show the logical re1at10nshiqs
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among all of the principal parameters of laser propulsion for orbit-raising
missions. The first chart (Figure [I-17) relates laser power to achievable
orbital height for specified performance of the laser propulsion engine.
Figure II-18, the second, uses a plausible tug model to find the duration
of operation to raise a given payload to a given orbital height using the
laser power found from the first chart. -

In the upper right hand quadrant of Figure [I-17, the facing graphic
plots the key mission parameter of a given increase in orbital velocity
(totalAV) requirec to deliver any payload from a 185 kilometer orbit to
any selected orbital altitude. The remaining curves represent parametric
assumptions to describe particular propulsion system options that lead to
required Taser power (upper left hand quadrant of Figure [1-17). The
significant engine performance parameters are specific impulse, Igp, and
the energy coupling coefficient, C, which relates to the conversion
efficiency from collected laser power to rocket thrust (e.g., units of
dynes/watt). The chosen combination of C and Igp defines the required fuel
flow rate. Knowing what altitude is desired then defines the mass fraction
(final-total-mass/initial-total-mass) required to get there. Alterna-
tively, for a specified mass fraction, Figure [I-17 shows what altitude can
be reached.

An example of how to use this plot is shown for the mission of raising
a 32 metric ton payload (approximate weight of the expended shuttle main
tank) from 185 kilcmeters to 3000 kilometer orbit using 3.6 metric tons of
residual hydrogen and a family of tug-like propulsion systems weighing
between 1 and 5 metric tons (i.e., a mass fraction of approximately 0.9).
Exhaust velocity for this example {s saelected as 10,000 meters per second,
corresponding to a thrust of 23,000 MNewtons, and the coupling coefficient
is chosen to be C = 12 dynes per watt. If these assumptions comprise a
valid propulsion system, then the total power required is approximately
200 megawatts.

Stippled areas have been added to Figure II-17 to designate areas of
validity or plausibilty. The char:t may not be accurate to within 10 per-
cent for mass ratios lower than 0.9, because if the fuel mass is suffi-
ciently larger, then it will affect optimum missian parameters (see
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Figure 1[I-18). The other boundaries of the stippled areas indicate a plau-
sible regime vis-a-vis achievable physics. )

To go further, we must adopt a model of the laser tugboat. Thé mass
of the tug fs primarily related to the thrust, both because of the size of
the engine and pumps and because of the required stress-bearing components
of the system as a whole. (Interestingly, the laser 1ight collectors will
have the same diameter regardless of the thrust for a specified laser wave-
length and range to the laser source.)

TRH has modeled a laser-propelled tug (pictured in Figure II-19, with
the addition of a shuttle external tank for payload), which seems to have
plausible and justifiable characteristics.!” For our purposes here, we
have adopted the TRW tug model as expressed by the equation )

M = 0.386 T + 964, (Kg) (9)

whare My is the total mass of a tug having a laser propulsion engine which
develops thrust, T, measured in newtons. We also assume that the fuel mass
will, 1in gereral, be a small fraction of the tug plus payload
mass (<10 percent of the total). '
It is important to understand that the chart in Figure I[-18 {is
"slaved" to that in Figure I[I-17. The same thrust, altitude, and laser
power must be used here that.were chosen on the previous chart. In a&di-
tion, “the laser enéine conversion efficiency is closely related to the
coupling coefficient on the previous chart for a given engine design.
Fifty percent efficiency s regarded as a reasonable value. With these
constraints, we can then find the total thrusting time to perform the QTV
mission. i
The dashed line in Figure II-18 applies to the mission of raising the
Space Shuttle main tank to a 3000 kilometer orbit frcom 185 kilometers. It
can be seen that this mission can be accomplished in ~3500 seconds of
thrusting time with 200 megawatts of delivered laser power. Or, retracing
a1l of the steps, we find that the same mission can be performed
in ~ 26,000 seconds (7.2 hours) with 20 megawatts of laser powar. "
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Figure II-19.

Transmittar
Mirror

BRIGINAL Pacs 12,
OF POOR QUALITY;
Laser Basm

Orbitcl Transfer Vehicla

Engine

TRU's Laser-Propelled QTV Tug Concept
HWith Shuttle {fain ET Tank for Payload
(After Reference 17)

I1-45

Recieving Optica Lessr Propulsion »\% ey

Laser Device

Reactor
Power Plant
(Closad Cycle)

e 3



4 I
> ; : I L
l

!

THE BDM CORPORATION

' D.  SUMMARY AND CONCLUSIONS

The great diversity of continuous and repetitively pulsed laser pro-

pulsion engine concepts which has been suggested in the literature uses 2

variety of laser energy absorption schemes. These include inverse Bremm-

strahlung, particulate, molecular, and heat-exchanger mechanisms. Hence,

compatible photon sources must run either CH or RP, possibly with variable

{ pulse repetition frequency, puise energy, and pulse duration. They must

aiso be throttleable over a wide power range, and operate at an assortment

of wavelengths, e.g., for engines using molecular absorption. Ideally,

since the development of such a power-beaming technology will be expensive,

one would want to advocate a high-energy laser technology which holds the

greatest promise for high versatility--to serve the widest variety of
potential engine concepts and missions.

,f It is pointless for laser propulsion researchers to: a) constrain
their thruster concepts to operate on the narrow range of wavelengths and
waveforms available with current laser technology, or b) worry about the
future availability of a versatile full-scale, high-power laser to exactly
suit the needs of these thrusters--in 10 to 20 years when the technoTog& is
finally mature. The principal reason is that an ideal potential scurce

T already exists in the embryonic stage: i{.e., the free-electron laser.

' C Furthermore,“the mil{tary fs aggressively pursuing FEL technology for

s potential use in antiballistic missile applications, because of the FEL's

A exceptional flexibility and promise of short wavelength operation at very

, high efficiencies.

Projected laser power levels for "robust" ABM roles agree well with
that required for laser propulsion engines in near-term orbit-raising mis-
sions: e.g., tens to hundreds of megawatts. Also, a paraliel intense
development in sophisticated acquisition, pointing and tracking (AP&i’) sys-
tems is being funded by the military. The demands placed upon AP&LT systems
by laser propulsion applications are significantly less severe than that
required for ABM missions.
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Beyond the year 2000, multi-purpose space power stations will 1link
gigawatt power-level FELs to powerful closed-cycle nuclear, solar-
photovoltaic, or solar thermal-electric sources--to supply large quantities
of cheap, plentiful power for widespread proliferation of laser propulsiod,
as well as other enterprises in space industrialization. For the foresee-
able future, however, it is important to note the scaling of laser propul-
sion engines themselves to high Tevels of thrust will be limited solely by
the available power level of HEL devices.
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CHAPTER III
DESIGN CONSIDERATIONS FOR LASER-PRCPELLED SHUTTLECRAFT

It is clear that the minimum buy-in power for manned shuttlecraft pro-
pulsion falls in the range of several hundred megawatts to one gigawatt.
In today's experience, multi-gigawatt power levels are not unusual. For
example, a single Atlas rocket engine develops 2.7 GW; the 'Rocketdyne F-1
engine, 25 GW. (By comparison, a large jumbo-jet requires 40 M{ to main-
tain high altitude cruise.) It is anticipated that light-weight laser-
heated engines can successfully absrb power densities that would destroy
conventional turbomachines, but which are commonplace in present chemical-
combustion rockets. These simple Taser propulsion engines can easily
generate overall vehicle thrust/weight ratios greater than one. Hence,
engine thrust power need not be a critical or limiting consideration in the
design of future laser-propelled shuttlecraft.

This chapter attempts to provide some insight into the conceptual
design process for such advanced manned shuttlecraft. The various
mechanisms for absorbing beamed power into candidate laser-heated thrusters
are reviewed. Both air-breathing and rocket engines are considered. A set
of design premises is suggested, which {is subsequently used to postulate a
methodology for engine/optics/airframe integration into three basic types
of shuttlecraft configurations. )

A.  FUNDAMENTAL CONSIDERATIONS

In order to propel a flight vehicle from a point of origin on the
earth's surface to a destination point (in space or on the ground) using
strictly beamed power and compatible propulsion convertors, several con-
siderations ;nust be borne 1n mind:

(1) The availability of powerful bursts of beamed energy (e.g., hun-
dreds to thousands of megawatts) will permit sufficient power for
vertical takeoffs and landings, and unconventional flight trajec-
tories. .

III-1
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(2)

(3)

(4)

(5)

! (6)

()

(8)

I (9)

The boost phase may be divided into two identifiabie regimes.
First, beamed power is used to 1ift the shuttle vertically to an
altitude of perhaps seventy thousand maters; second, the beamed
power must rapidly accelerate the vehicle laterally across the
Earth's surface in a direction perpendicular to the beam, up to
escape velocities.

Depending upon the overall vehicle/engine configuration, these
distinctively different flight regimes will necessitate two sets
of specialized thrusters: one for VTOL, another for lateral pro-
pulsion.

The basic principles of optics must be utilized in designing an
optical train that will capture the incident power beam, manipu-
late it and finally direct it into the thruster.

A small beacon laser mounted aboard the shuttle and directed back
towards the space relay transmitter will provide flight
trajectory/position data necessary to close the information
Toop--thereby providing a "cooperature target” for directing the
transmitter optics.

The shuttle must provide an optically stable platform for receiv-
ing the orbital beam so that near perfect alignment can be main-
tained even through severe atmospheric turbulence.

The shuttle must be able to negotiate a lateral turn without per-
forming the conventional banking maneuver that would cause a
severe misalignment of receptive optical elements which are
firmily affixed to the shuttle airframa.

The shuttle must be able to use aerodynamic braking during
re-entry in order to avoid requiring large amounts of beamed
power to decelerate (e.g., after "cruising" efficiently in the
vacuum of space). .

A considerable reduction in thruster complexity is permitted by
the use of pulsed electromagnetic power 2*nd 1inverse
Bremsstrahlung apsorption into simple radiation-heated pulsejet
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engines. Such engines do not require heat exchangers and heavy
rotating turbo-machinery.

(10) A large degree of optics/airframe/engine integration is necessary
due to the many overlapping system requirements for successful
utilization of beamed energy in air-breathing and rocket engines.
For example, depending on the shuttle configuration, portions of
the vehicle external surface will be called upon to serve as
optical elements or thruster surfaces, in addition to providing
an aerodynamic skin able to withstand high temperatures generated
during re-entry. Several of these multi-purpose surfaces are
11ikely to require transpiration or regenerative cooling.

This set of premises will permit entirely new and unconventianal
flight trajectories. For example, a laser-powered shuttle could boost out
of the dense atmosphere into space, negotiate free fall in a baliistic
trajectory, then glide into the destination port--requiring just enough
maneuvering power and breaking energy to touch down for a gentle landing.
Conventional rumwvays can be climinated in favor of tlaunch "pads." The
vehicle would climb out and return through very small operational corridors
in tightly controlled airspace. Dozens of laser flight vehicles could land
simultancously in the space occupied by any present airport. The aero-
dynamic requemeqts for low-speed flight stability and control become
subordinate to that for VTOL thrusters. External laser-heated engines can
provide VTOL thrust. .

The efficient incorporation of remote 1laser energy into propulsive
engines is predicated on several unique and peculiar requirements quite
foreign to conventional engines and chemical fuels. The basic premises for
design of suitable air-breathing laser-heated engines are twofold. First,
the 1laser energy must be absorbed directly within the engine gaseous
propellant so that working fluid temperatures may exceed the limitations of
solid materials. This mechanism permits greater engine efficiencies to be
realized than ever before possible. The propulsive energy converters will
incorporate direct gas-phase absorption of incident radiation by the
process of elactrical breakdown and inverse Bremsstrahlung absorption into

I11-3
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the engine working fluid. Secondly, pulsed laser power will permit non-
equilibrium heating processes to come 1into play, so that engine gas
temperatures do not have time to reach steady state equilibrium levels.
Continuocus wave laser heating rapidly drives gas temperatures to 20,000 K
and higher. Alternatively, with pulsed laser heating, the engines can
process propulsive working fluid to a great range of final temperatures and
pressures--simply by varying the incident beam intensity and the degree of
beam focusing within the internal engine chamber.
' The two basic types of engines addressed in this study are: simple
radiation-heated engines, and electrically augmented systems. The first
category uses simple optics to cause incident laser energy to be absorbed
¢ into the engine working fluid which is then gasdynamically accelerated to )
produce thrust. The second category requires an intermediate conversion to
pulsed electric power. The beam energy is first converted to translational
energy of a partially ionized gas stream, then to pulsed electric power by
a MHD generator, and finally back to translational energy of the external

— air stream (e.g., within an annular MHD fanjet). The following section
provides a technical description of the physical processes involved in
laser absorption physics.

B. LASER ABSORPTION PHYSICS

-— The basic premises upon.whicn laser energy "absorption chambers" can
- ' ' be desfigned are two ‘fold: (1) The beamed energy must be absorbed into the

engine working fluid in order that elevated gas temperatures can permit
' higher engine efficiencies, (2) The laser power must be absorbed at high
/ intensities and utilized in repetitively pulsed fashion in order that work-
ing fluid temperatures are not allowed enough time to reach their steady
state equilibrium value (i.e., when the temperature of the more massive ion
particles reach the temperature of quickly heated electrons). At steady
stéte working gas temperatures of 15,000 to 20,000 K which are character-
istic of laser-heated engines utilizing continuous wave (CW) power, severe
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radiation losses are in evidence. In addition, cooling of engine walls
becomes a design problem of massive proportions.

Consequently, this section will address the use of pulsed EM power and
direct gas-phase nonlinear abso-ption of beamed radiation by the process of
inverse Bremsstrahlung. By properly adjusting the intensity and degree of
focusing of the beam, a laser absorption "wave" can be made to pass through
the engine working fluid volume at a precise wave velocity that is tailored
to bring the gas state to any desired final temperature and pressure.

1. Laser-Supported "Oetonation"LSD

Figure III-1 illustrates the absorption wave structure character-
istic of the detonation wave regime. Laser flux is projected from right to
left, and the LSD wave {is captured at a moment in time when the {nitial
transients due to ignition have died away. Virtually all the incident
laser energy is absorbed in a thin zone behind the leading-edge shock wave.
The wave is shown propagating towards the right (into the beam) at a deto-
nation wave velocity Vpy first calculated by Razier! as

Vou = 201 = 1) 101", ()

where y is the ratio of specific heats, pg is the ambient density of  the
gas ahead of the LSD wave, and I, is the intensity of the laser radiation.
The wave velocity is directly proportional to the cube root of the laser
intensity over the ambient gas density ahead of the wave. A region of hot,

- high-pressure gas-occupies the space immediately behind the shock wave.

The gas pressure within this region can be expressed by1
P =sz/(V+'I) (2)
bW o OW M !
and is seen to vary with the square of the detonation wave velocity.
Viewed from a distance, the external gasdynamic effact of an LSD wave

passage through a stationary air mass bears close resemblance to the flight
of & supersonic projectile of the same diameter as the beam. Rapidly
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Figure III-1. LSD Wave Plasma, Non-Equilibrium Heating
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THE BDM CORPORATION

expanding conical blast waves are generated by passage of the central heat-
ing zone, followed by a region of conical expansion fans.

For the case of 10.6 um wavelength radiation, the LSD/LSC
transition region falls at about 5 x 106 W/cm2. Beam intensities above
this value are associated with increasing LSD wave velocities and therefore
lower gas temperatures. This effect is a natural consequence of an LSD
wave which must process a larger mass flow rate of gas at the higher
velocity - which in turn results in less energy deposition per unit volume.
Insufficient “heating time" {s available for electrons to elevate the
temperature of massive ion and neutral particles into steady state
equilibrium with the higher electron temperature. Hence, LSD waves are
classified as a non-equilibrium heating process.

2. Laser-Supported “"Combustion"LSC

As beam intensities are reduced below 5 x 106 W/em2 (for
10.6 um radiation), the laser-supported combustion regime sets in, and an
entirely different physical model {is required to describe the eguilibrium
heating process. As shown in Figure [II-2, laser flux is projected from
right to left, and the absorption wave advances at a relatively slow vele-
city towards the right intc the beam and into ambient gas. Very low den-
sity, hot air occupies the region Just aft of the absorption wave.
"Blow-of f* of this low density, hot air (in the directions indicated in
Figure III-Z).is in part responsible for driving the absorption wave jnto

" the beaml-through action/reaction forces. Although LSC wave heating is

characteristically a constant pressure process, Py is slightly larger than
the pressure ahead of the wave, Pg. As indicated, the thickness of an LSC
wave is typically orders of magnitude greater than that of an LSD wave.
LSC wave propagation velocities in air fall in the range of 1000 to
6000 cm/sec. Since the slower wave velocities result in the ingestion of
very small mass flows of ambient gas, temperatures skyrocket. Peak. tem-
peratures within the absorption wave may reach 15,000 to 20,000 K. Radia-
tion losses 1in all directions are normally substantial. Radiative
transport in the forward direction is an important factor in determining
the LSC wave velocity and the mass flow rate of processed gas.

I11-7
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The interrelationship between the various laser energy absorption
mechanisms of i{nterest 1{is displayed in Figure I1I-3 for the case of
10.6 um radfation and afr at 1 atm. Laser radiation in a sharply focused
condition (not shown %o scdle) {s projected from the right towards the
focal spot on the Teft side of the page. The LSC wave regime falls in the
vicinity of 104 to 1-%W/cm2. Below 10%/cm2, the LSC wave cannot maintain
itself; hence, this point is called the "maintenance threshold." Between
106 and 107W/cm2, the wave will transition from the LSC to the LSD wave
regime. At laser intensities beyond 108 to 10%/cm2, some researchers?
address a “super datonation" regime where wave velocities substantially
exceed Mach 10 or 20, The laser-supported super detonatfon (LSSD) regime
{s exemplified by radiation intensities up to and including what is called
the clear-air breakdown threshold.

Ignition of a laser-supported absorption wave may be prompted by
any of several mechanisms including a) laser-induced gas breakdown (as
indicated in Figure III-3), b) electric spark discharge, c¢) molecular or
particulate absorption, or d) ignition off a wetal "target" especially
designed for that purpose. This study will concentrate on laser-driven
engine concepts which primarily utiliize laser-induced breakdown as. the
sparking mechanism.

3. Laser-Induced Electrical Breakdown
... Much of the experimental data on laser-induced gas breakdown has
been gathered with air as the subject gas. Air (as well as most gases for
that matter) is seldom free from contamination by a very rich spectrum of
particle sizes and number densities. Therefore, the comprehensive treat-
ment of laser-induced air breakdown should also address the effects of
particulate contamination.

Laser-induced breakdown 1{s chiracterized by a highly luminous
region which absorbs a large fraction of the incident laser power. HNot
necessarily indicative of breakdown is the emissicn of radiation from the
region of laser-particle interaction. In some cases the irradiated
particies may emit enough vapor to form a hot plasma detectable by a
visible spark, but still not absorb a measurable amcunt of laser radiation.

I11-9
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Laser Radiation Absorption Mechanisms
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Breakdown normally occurs at a variable time after onset of
radiation. The delay period is largely a function of the contamination
particle size and number density, incident laser intensity (watts/cmz) and
pulse time. Open shutter and time-resolved phatography have shown break-
down to be characterized by formation of & pre-breakdown luminous vapor or
plasma region. Thesa two phenomena suggest that the contaminated air
breakdown mechanism begins first with the rapid vaporization of the
external surface of particles and the growth of individual particle vapor
“"bubbles.” If the vapor produced from the hot particles has a lower ioni-
zation potential than that of the constituents of air, it is possible that
the first free electrons are emitted from the ionized vapor. The particles
can also emit electrons thermionically as they are heated. Even though the
latter emission process 1s i{mpaired by electrostatic effects as the
particle charge builds up, the few electrons which are produced may be
adequate to trigger laser-induced breakdown at the higher intensities.

Presented in Figura III-4 is a summary of the observed breakdown
data in air for 10.6 um laser radiation.3 MNote that the lowest observed
threshold is on the order of one megawatt per cm and is associated with
the 30 um particles. With the larger particles and lowest 1ntensitiesf no
breakdown is abserved until 10 usec 1into the pulsed. Breakdown with
shorter pulses is accomplished only at considerably greater flux levels.

. The physics of air-breakdown 1in the presence of particulate
matter is not well understood. Current modeling efforts are specifically
tailored to investigate either the high-intensity non-equilibrium regime or
the Tlow-intensity equilibrium regimes of particle-induced breakdown.
Triplett and BoniS have examined the interaction of high-intensity laser
radiation with a single suspended particle. Their analysis assumes that
sufficiently large 1laser intensities are 1incident upon the particle to
rapidly evaporate or explode the particle. Under these conditions, &
strong shock wave is driven into the surrounding air; and breakdown occurs
by the non-equilibrium cascade process either in the vapor or in shock-
heated afr. The simple model of Triplett and Boni was unable to predict a
reduction in threshold by much more than one order of magnitude below that
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of clean air. A reduction in several orders of magnitude for the longer
pulses and lower intensities are in evidence from experimental data.

Figure III-5 illustrates particle-induced breakdown at the lower
laser intensities. At the beginning of the laser pulse, energy is absorbed
by the particles and results in bulk vaporization of the outer surface of
larger particles or in complete vaporization of the smaller particles.
Subsequently, vapor bubbles are formed whose aggregate effect is the inter-
ception of a large fraction of the incident laser energy. Depending upon
the vapor absorption coefficient, the temperature of the initially 4000 to
5000 K vapor climbs slowly at first, then rapidly to the order c¢f 10,000 to
12,000 K. Then through the processes of thermal conduction and radiation,
energy is transferred from the vapor to heat the air (in local
equilibrium}. At roughly 10,000 K, an LSC wave is ignited and the inverse
Bremsstrahlung absorption coefficient of air climbs rapidly with the
increased temperature. Finally, the wave reaches & maximum temperature of
15,000 to 20,000 K and slowly propagates in the direction of the incident
radiation, maintaining itself by radiative and conductive heat transfer in
the forward direction,

A pictoral representation of particle-induced breakdown at .the
higher laser intensities is portrayed in Figure III-6. The powerful inci-
dent radiation rapidly evaporates or explodes the particies, driving strong

shock waves into the surrounding air. The air/vapor is heated and ionized
" as the shock wave propagates at the local sonic velocity in all directjons

except for that portion of the wave which propagates directly into the
beam. Here a thin zone of non-equilibrium radiative absorption is trans-
ported behind a shock front which, in turn, propagates at the LSD wave
velocity. Again, the datonation wave velocity is proportional to the cube
root of the ratio of the incident intensity over the ambient density ef the
unprocessed air. The subsequent cascade process occurs very rapidly, and
shortly triggers the complete breakdown absorption of the incident radia-
tion.
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C. BRIEF HISTORY OF LASER-HEATED PULSEJET RESEARCH

Kantrowitz was first to postulaté the use of unconventional rocket
engines and remotely stationed high-power lasers to propel a shuttlecraft
to low Earth orbit.6s7 Since this time, much experimental and theoretical
research has been conducted on both air-breathing and rocket varieries of
laser-heated pulsejet engines.

1. Air-Breathina Pulsejet Engines

Pirri, et. al.,B+9 have addressed two basic types of laser-
powered pulsejets where air is utilized as the working fluid. The first
propulsion scheme, 1llustrated in Figure III-7, develops impulse by direct
irradiation of the lower thruster surface by a high-power laser pulse. For
clarity, it is appropriate to identify this laser-heated thruster by the
physical environment in wﬁich the laser energy is added to the working
fluid: 1.e., an “External" Radiation-Heated (ERH) pulsejet engine. The
high intensity incident beam ignites a laser-supported detonation wave in
the air above the surface. Upon formation of the wave, all the laser
radiation is absorbed in a thin zone of shocked air behind the detonation.
Since this air is shocked to & high pressure, Pirri suggests that it may be
possible to propel a vehicle by repetitively pulsing the laser’ and
utilizing the strong detonation waves (initiated with each pulse) to pro-
vide thrust. Higher laser intensities (up to the limit of clean air

_electrical breakdown) permit larger impulse couplings to the surface and,

therefore, associated increases in propulsive efficiency. .
Experiments have been performed with ERH thrusters which are a
close kin to the variety suitable for use in VTOL propulsion of shuttle-
craft. The beam/surface interaction geometry for these experiments is
.hown in Figure I1II-8, and the results are displayed in Figure III-9.
Experimental and theoretical evidencel!0 suggest that such propulsion
engines can be optimized to produce coupling coefficients as high as
50-100 dynes/Hatt. Optimum conditions are realized when a very high-
intensity laser pulse is shortened to the nanosecond regime, and when the
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target surface area is infinite in diameter compared to that of the laser-
frradiated spot. This situation permits sufficient time for all the
impulse to couple to the target surface without "spilling" shock wave
energy off the edges of the target. Since the incident laser radiation
must greatly exceed the LSC/LSD wave transition intensity in order to
assure good propulsive coupling, some difficulty may be encountered in
successfully propagating such a high-intensity laser beam directly through
a highly absorbing plasma exhaust. This exhaust stream may occasionally
intercept a significant fraction of the incident laser power, resulting in
a severe loss of thrust.

The second type of air-breathing pulsejet engina addressed by
Pirri, et. al.8-9, {s pictured in Figure III-10. [n this thruster scheme,
the laser energy is absorbed within a volume that is enclosed by physical
engine walls; therefore it falls within the class of "Internal" Radiation-
Heated (IRH) thrusters. The engina utilizes a highly reflecting parabolic
nozzle (which doubies as the primary optics) to focus an incident laser
pulse of low intensity to the high intensity required for nonlinear absorp-
tion. Air breakdown occurs at the focus of the parabola; and the hot, high
pressure afr expands aft as directed by the nozzle skirt. If some means is
found to refill the nozzle with fresh air between laser pulses, the engine
should operate successfully as a laser-powered pulsejet. Since the inci-
dent laser intensity is below the LSC wave threshold, the beam may be

propagated through the exhaust gasas with 1ittle, if any, attenuation.

- Figure III-11 displays the results of small-scale experiments
with the air-breathing pulsejet configuration shown in Figure III-10. " The
tests, which were conducted at one atmosphere, genarally produced peak
thrust-to-laser power couplings of _20 to 25 dynes/Watt. As shown in
Figure 1I-11, theory suggests that 40-50 dynes/Watt may be attainable, and
Soviet researchers claim to have demonstrated such performance in recent
single pulse tests. .

Two papers by Bunkin, Prokhorov, et. al. (Refs 10 and 12) review
tiris recent USSR-funded theoretical and experimental research on a laser
Air-det Engine (LAJE) which propels 1{tself by an "explosive mechanism

I1I-19
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due to laser-induced breakdown and the excitation of a shock wave." The
engine 1s envisioned to operate in a pulse-periodic (pulsating) mode,
whereby the working volume is completely refreshed (with cold afr) prior to
receiving a new laser pulse. In order to initiate nonlinear absorption of
laser energy at the vehicle site, the authors indicate the necessity of a
focusing system, since the beam cannot propagate through the atmosphere to
the craft at intensities above the breakdown level. They suggest that a
parabolic reflecting surface (doubling in function as the thruster nozzle)
be located "in the tail part of the flying craft and firmly affixed to it."
For certain flight vehicle geometries, the authors propose that refracting-
type ienses might also be used to provide the focusing function.

The attainment of high repetitively-pulsed coupling coefficients
by the engine concept pictured in Figure II[-11 will no doubt be impaired by
three inherent thruster design flaws: First, the laser energy must be
added to the suparsonic diverging portion of the nozzle; whereas, for maxi-
mum efficiency the heating should take place in an upstream subsonic high-
pressure reservoir. Secondly, the exact engine diverging nozzle contour f{s
dictated by optical requirements For good focusing, and not by gasdynamic
requirements for efficient expansion of the flow. Subsequently, the over-
a1l propulsion system performance attainable with this engine configuration
will be inferior to that of a hypothetical enginme for which the precise
optical and gasdynamic requirements are met with relatively minor
compromise. The third flaw relates to the problem that no means of quickly
refilling the engine with fresh air has been provided--although it may be
possible to incorporate a reed-type valve (i.e., similar to the Gérman W1
*Buzz-Bomb").

2. Rocket Pulsejet Engines

Other experiments have been performed with pulsed laser-heated
rockets and hydrogen propellant, at very reduced (e.g., 2 few Torr) ambient
atmospheric pressures. Figure I11-12 {s a schematic diagram of the laser-
heated rocket pulsejet model tised by Physical Sciences, Inc. té'generate
the performance data shown in Figure III-13. The rocket incorporated an
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6

acoustic valve to meter cold Hp propellant into the nozzle. The experi-
ments typically demonstrated optimum conversion efficiencies (i.e., thrust-
power-to-laser-power) of S0 percent, coupling coefficients af 12.5 dynes/
Watt, and a specific impulse of 1000 seconds.!3

D. HIGH ENERGY LASER WINDOW CONCEPTS

There are a number of additional possibilities for high-power laser
windows enabled by the atmospheric environment which can be .utilized by
certain air-breathing propulsive engine concepts. The two major HEL window
categories mentioned in Chapter II, materfal wirdows and aero-windows, are
suitable for laser-heated engines in both atmospheric and space environ-
ments. Material windows can be used by both CH and RP engines, but aero-
windows will probably work for only steady-state CW engines.

Figure [II-14A {s a schematic diagram of the gasdynamics of conven-
tional aero-windows. On-board high-pressure gas is expanded to supersonic
velocities to create a strong shock wave. This shock contains the higher
pressure internal-engina gas against the lowes pressure ambient atmospheric
environment--while permitting the HEL beam to pass freely through.

A second aero-window candidate suitable for CH engines is shown in
Figure III-14B. Here centrifugal forces are used to first accelerate the
ambient atmosphere to a high velocity (possibly supersonic--without produc-

. ing Mach waves) adding encrgy to tne flow. Hext a vaneless diffuser would

decelerate the air to low subsonic mach numbers, compressing it perhaps to

' 4-5 atmospheres in a single stage. A high-speed centrifugal ccmpressor

would accomplish this function, and 1ts upper surface contour (between the
impeller vanes) would serve as a primary mirror. This mfrror would collect
the incident laser beam and re-project it radially outward between the
impeller blades. From here the beam would be focussed directly into the
heating chamber.

Another candidate aero-window {s exemplified by the RP engina concept
in Figure [II-14C. For this scheme, a primary receptive optic (not shown)
focuses the incident low-intensity laser beam upon a secondary optic which

111-24
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Figure II11-14, Three Approaches for Aerodynamic Hindows
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Figure I1I-14. Three Approaches for Aerodynamic Windows (Continued)
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re-projects the beam (now concentrated to a high intensity) across the
lower vehicle surface. There is no pressure differential across this aero-
window. The engine accompiishes transient shock compression of the air
working fluid simply by propagating an LSD wave across the lower vehicle
surface--to which the reaction propulsion forces are momentarily communi-
cated. Pressure ratios of several hundred atmospheres can be produced.

Other aero-window schemes analogous to that shown in Figure I[I1I-12C,
and syitable for CW engines can be envisioned. The optical train, and air-
breathing engine inlet geometries can be configured to balance LSC or LSD
waves 1in subsonic or supersonic duct flows--at the appropriate engine
“combustor” locations. These CW engines would rely upon supersonic com-
prassion of engine inlet air, and would produce useful levels of thrust
only in transonic, supersonic, or hypersonic regimes--becoming, in effect,
ramjet engines.

E. SUMMARY OF ENGINE-RELATED ISSUES

The following general statements can be made regarding the design of

laser-heated enginas suitable for propelling advanced marned shuttlecraft:

(1) To successfully propagate beamed enargy through the atmosphere to
a remote shuttlecraft, laser intensities must bz held below the
LSC-wave threshold. Laser intensities above this value could
accidentally produce catastrophic attenuation of the bean,
triggered by shock waves off the craft, plasma exhaust plumes, or
atmospheric "dust" contamination.

(2) Holecular absorption mechanisms do not look promising because of
the need to 4inject "seed" materials into the engine working
fluid. This seed can contaminate the shuttlecraft optics and
péoduce highly attenuating exhaust piumes.

(3) The most viable Tlaser propulsion concepts will probably
incorporate direct gas phase heating of engine working fluid
using inverse Bremsstrahlung absorption of laser energy--which
requires no seed.

’

11127




A et Mg e o

o

s e

F.

to

(4)

(5)

(6)

(7)

(8)

(9)

" THE BDM CORPORATION

In order to initiate inverse Bremsstrahlung absorption 1in the
laser propulsion engine, a focusing system (optical train) firmly
affixed to the vehicle {s required.

Lower intensity CW radiation (suitable for LSC wave ﬁeating)
produces excessively high working gas temperatures and large
radiation losses, which can easily cause internal engine walls to
melt--unless protected by exottc wall-cooling schemes. Alter-
nately, the use of unconventional CW engine geometries which
require only partial confinement of the LSC plasma "torch," can
greatly reduce cooling lcads.

In sharp contrast, LSD waves (h‘gh-intensity laser radiation
regime) are able to process a working gas to almost any desired
final temperature and pressure, simply by adjusting the intensity
of the beam and the ambient density of the engine gas.

The most promising laser propulsion engines will probably operate
in a pulse-periodic (pulsating) mode, whercby the thruster work-
ing fluid is completely refreshed with unprocessed gas befora the
next laser pulse arrives.

The complicated turbomachinery usually required in today's high-
performance air breathing propulsive engines to produce high,
continuous engine pressures can be eliminated in favor of much
simpler laser-heated engines. Here, elevated pressures are pro-
vided not by heavy mechanical compressors, but by transient shock

. éompression caused by propagating laser supported detona@ion

(LSD) waves.

The use of pulsed power and LSD waves can permit the construction
of incredibly simple, reliable air-breathing and laser-heated
rocket propulsion systems for advanced manned shuttle-craft.

OPTICS/AIRFRAME/ENGINE INTEGRATION

A large degree of optics/airframe/engine integration is necessary due
the many overlapping system requirements for successful utilization of

I11-28
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THE BOM CORPORATION

beamed energy in air-breathing propulsive engines. For example, depenaing
on the shuttle configuration, portions qf the vehicle external surface will
be called upon to serve as optical elements or thruster surfaces. In addi-
tion, they will provide an aerodynamic skin able to withstand high tempera-
tures ganerated during re-entry. Some of these multi-purpose surfaces may
require regenerative (or perhaps transpiration) cooling.

In the interest of clarity, it 1{is useful to classify the various
elements in an optical train according to the order in which the beam
strikes them. For example, a “primary® lens is the first optical surface
to receive the beam; a “"secondary" lens is next; the tertiary lens follows,
etc. Depending on the specific optics/airframe/engine configuration,
Tenses may be of either the reflecting or refracting type and may have a
-ariety of dimensional topographies. The candidate topographies can be
describes as follows: One-dimensional optics are those which have planar
optical surfaces, e.g., flat mirrors or windows. Two-dimensional ontics
are able to expand or condense 1ight in only one plane, e.g., "cylindrical®
lenses and refracting prisms. Finally, three-dimensional lenses are those
with compound curvature which can expand or condense iight in a radially
symmatric fashion, e.g., conventional hand-held magnifying lenses.

Anothar variation in lens classification is embodied in the choice of
conventional versus Fresnel optics. With the Fresnel lens approach, the
entire optical surface is divided into minute refracting or reflecting
facets. Refractive optics permit the construction of lightwaight, large

- diameter -lenses with short focal lengths. A potential problem with using

refracting Fresnel lenses with beamed high-energy radiation {s the thick-
ness non-uniformity of the lens material. When the lens {is heated by
passage of the beam, significant stresses may be generated by non-uniform
heating and expansion, and cracks may appear along the thin portion of
refractive facets. .

It appears that both reflecting and refracting Fresnel lenses can be
successfully integrated into the shuttlecraft upper surface airframe--to
coliect the lower 1intensity i{ncident radiation. Thereafter, only

111-29

- s @EY7 e e v emwe ® M e kv AP v ek aam

——— - e e N

~p—— Y
RS



P

Dbty L5

——
Y

S~ M e

THE BDM CORPORATION

regeneratively cooled reflecting lenses may be used to direct the high-
intensity beam into propulsive engines.

G. ORGANIZATIOE OF SUBSEQUENT CHAPTERS

Table III-1 gives the organization of the following five chapters.
The technical material 1{s assembled by the basic categories of air-
breathing laser propulsion engines and shuttlecraft airframe configura-
tions. The basic engine categories are laser-thermal and laser-electric;
the airframe configurations are delta, radial, and cylindrical. Laser-
electric propulsion 1is generally envisfoned for high supersonic and
hypersenic regimes.

The "delta" airframe configuration is exemplified by the current space
shuttle orbiter; the "radial," by the Apollo command/reentry vehicle; the
“cylindrical,” by a conventional rocket launch venicle. Both heavier-than-
air and lighter-than-air varieties of *“cylindrical"™ shuttlecraft are
examinad.

I11-30
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TABLE III-1. ATR-BREATHING LASER PROPULSION CATEGORIES

t RmRUSTER TYPE
- LASER-THERMAL LASER-ELECTRIC
AIRFRAME
ée
I
3 DELTA CHAPTER 1V -
3 RADIAL CHAPTER V CHAPTER VI
i
A CYLINDRICAL CHAPTER VIII CHAPTER IX
A
]
|
|
]
. 111-31
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CHAPTER IV
LASER-THERMAL AIR-BREATHING PROPULSION: DELTA CONFIGURATIONS

Lasers are capable of providing working gas temperatures significantly
beyond that attainable with chemical combustion, and consequently can
enable the conceptualization of new, high-temnerature thermodynamic cycles.
Hand in hand with these higher “combustor" working fluid temperatures comes
the potential for increased flight speed and performance from future high
Mach number air-breathing engines.

Presently, air-breathing aircraft are limited by aerodynamic heating
and deteriorating turbojet engine performance to speeds of about Mach 3 or
4. Beyond this velocity, a mechanical compressor becomes an undesirable
commodity, and the existence of a turbine at all tends largely to restrict
the maximum combustion gas temperatures. Because of these limitations on
turbine engines, high-supersonic and hypersonic propulsion research has
concentrated on ramiet engines, of both internal-burning and external-
burning varieties. (Howaver, note that these engines are only able to
generate thrust at flight speeds above Hach 1, so other engines must be
used in the subsonic flight regima.) By necessity, much of the research
has centered on “supersonic" combustion of chemical fuels. Here, beamed-
energy propulsion can really excel; LSD absorption waves can be made to
propagate at speeds up to, and substantially beyond Earth orbital velocity.

This chapter explores. the prospects for air-breathing propu'&sibn of

“edelta* - configuration shuttlecraft integrated with internal and external

radiation-heated thrusters (IRH and ERH, respectively). Table IV-1 indi-
cates the design concept classes for delta airframes. The shuttlecraft
described below are generally capable of VTOL, subsonic, supersonic and
hyparsonic flight within the atmosphere. In addition, they are able to fly
along, as well as perpendicular to the propulsive laser beam. _

Let us begin this examination of various potential optics/airframe/
engine concepts by concentrating first upon the genre which {incorporate
two-dimensional lenses within traditional, highly swept delta airframes.

Iv-1
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TABLE IV-1. DESIGN CONCEPT CLASSES FOR DELTA AIRFRAME CONFIGURATIONS

THRUSTER TYPE FLIGHT MODE

INTERNAL ’
RADIATION-HEATED - TRANSLATION*

(IRH)

EXTERNAL
RADIATION-HEATED VToL* TRANSLATION®

(ERH)

* FLIGHT ALONG LASER BEAM
+ FLIGHT PERPENDICULAR TO LASER BEAM

Iv-2
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THE BDM CORPORATION

Generally in these configurations, the airframe forebody precompresses the
inlet air, while the airframe afterbody acts as a hypersonic nozzle.

A. DELTA/ERH FOR GROUND-BASED LASER

The first of such configurations was invented by A. Kantrowitz and
R. Rosa.,! This concept, 1llustrated in Figure IV-1, was proposed as a
hypersonic flight research vehicle powered by a ground-based laser power
station. As shown in Figure IV-1, the continuous high-power beam (denoted
as callout No. 2) 1s projected directly upon the aft portion of the vehicle
lower surface (callout Ho. 18), which 1s a highly polished cylindrical
reflecting lens that also doubles as an expansion-deflection exhaust nozzle
(No. 16). This two-dimensional primary lens concentrates the incident beam
to a very high intensity and projects it directly into the throat (No. 13)
of the ramjet engine,

Propulsive thrust is obtained from the ramjet as follows. Afir enters
the ramjet engina at the intake (No. 8), is adiabatically compressed (by
supersonic 1internal diffusfon) to a high pressure and density. At this
time, a "seed" material {s added to the duct flow at a station near the
throat (which serves as a "ccmbustion® section) where most of the laser
radiation 15 absorbed into the flow. This high-pressure, high-temperature
duct flow then expands out the exhaust nozzle, generating thrust.

"" There are-several potential problems with the concept, however. Con-
flicting requirements * in the specification of mirrored-exhaust-nozzle
contours for (a) efficient gasdynamic flcw expansion and (b) adequate
optical beam focusing, must be resolved if optirum performance of ‘he over-
all system is to be realized. In addition, the exhaust flow may continue
te absorb incident laser radiation aft of the throat section. If the gas
{s still supersonic hare, the flow will be driven towards subsonic flow.
This would significantly degrade available propulsive thrust. Furthermore,
conventional ramjets cannot develop static thrust below sonic flight vele-
cities and therefore cannot operate from conventional airports without an
auxiliary propulsion system. Finally, the configuration shown 1n
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Figure IV-1., DELTA/IRH for Ground-Based Laser
(No VTOL or Subsonic Propulsion Capability)
. =-From Reference 1
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Figure IV-1 {is unable to receive an aerial propulsive power beam, although
this could (in principle) be accompliished by inverting the entire airframe
aft of the engine throat.

B. DELTA/IRH CONFIGURATION WITH TRANSVERSE 2-D FRESNEL LENS

Figure IV-2 {1lustrates another version of an airframe-integrated
external-expansion hypersonic ramjet. Just like the previous concept, the
aircraft forebody precompresses ‘the inlet air and thus provides part of the
inlet function. Similarly, the vehicle afterbody sarves as an external
expansion nozzle. Instead of the reflecting primary optics used in
Figure IV-1, the vehicle incorporates a 2-D Fresnel-type lens to concen-
trate the incident beam into a line focus within the "combustion" chamber.
Continuous radiation cin be used to heat the engine gases {f a "seed"
material is injected into the flow; repetitively pulsed radiation can be
used with a LSD-wave heating (i.e., following electrical breakdown and
subsequent inverse Bremsstrahlung absorption).

Vertical takeoff and landing (VTOL) may be accomplished by rotating a
secondary reflecting cylindrical lens into a position near the line focus
(within the ramjet internal duct chambers), and thereby projecting a high-
intensity beam forward out the ramjet inlet--finalty coming to a focal
point near the nose. At this point, the air would be caused to break down,
and an LSD wave would traverse the entire vehicle undersurface. This would
create a hot, high-pressure plasma sheet, which would subsequently expand
downward, generating vertical thrust. In short, the aircraft undersurface
could double as an external radiation-heated (ERH) thruster when operated
in a repetitively pulsed fashion. Upon reaching an altitude of several
thousand feet, transition to horizontal flight would be accompiished in
helicopter fashion.

Ro11 stabilizing forces during VTOL flight cculd be provided by
projecting two smaller beams (each containing half the required 1laser
power) upon the primary optics. As a result, the vehicle would be balanced
on two “raiis" of high pressure air as it is 1ifted vertically. Pitch
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B) _SIDE VIEW s W2 2-D FRESKEL~TYPE |

A) _T0P VIEW ]

|
5
|

_— INCIDENT

PRIMARY i -
C OPTICS m \ﬁm LASER BEAM Io ¢ Iige mREsm/[
1
l /

VERTICAL STABILIZER —> ‘ / & ! ! !

TZFRACTIHG
PRIMARY OPTICS —;

AIR BREAKDOVH

AIRCRAFT FOREEQDY PRE-COMPRESSES AIR
AlD THUS PROVIDES PART OF THE Vﬂ"?LE AFTE.RBODY SE'RVE!S
IHLET FURCTION AS A EXTERHAL SXPARHSICH

KOZZLE

Figure IV-2. DELTA/IRH With Transverse 2-D Fresnel Lens
(Subsonic and VTOL Capability)
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stabilization could be controliled by varying the ignition point of absorp-
tion waves and the duration of the laser pulse--in order to alter the
longitudinal distribution of vertical thrust generated across the vehicle
lower surface.

Obvious problems with the concept are as follows. As with the pre-
vious concept in Figure IV-1, the vehicle cannot ha expacted to provide an
exceptionally stable optical platform for reception of the orbital beam.
Furthermore, difficulties may be encountered in bringing the beam through
the 1internal engine duct housing--without the aid of a material or aero-
dynamic window. A material window may experience excessive beam heating at
the high-focal intensities; alternately, the zerodynamic window may require
auxilfary on-board power and the associated consumption of 1liquid fuels.
Finally, the vehicle cannot accelerate rapidly from subsonic to supersonic
f1ight speeds since the ERH thruster is configured to generate a vertical
thrust vector. Howaver, lateral acceleration may be accomplished by
a) tilting the vector in the direction of intended flight (i.e., helicopter
fashion), or b) by first boosting vertically to a substantial altitude,
then using a combination of aerodynamic 1ift, gravity, and a forward tilt-
ing of thrust vector while performing a diving maneuver. Once supersonic,
the vehicle will continue to accelerate since the ramjet engine wiil be
operative at that time.

.C. DELTA_ERH/IRH CONFIGURATIOHS WITH LONGITUDIRAL 2-D FRESHEL LENSES. .

Several additional variations-aon-a-theme of the deita airframe and 2-D
Fresnel refracting primary lenses are evident. For example, Figure IV-3
shows two <onfigurations having Fresnel 1lens facets aligned with the
Tongitudinal flight axis. Hote that the vehicle afterbodies are removed
for clarity, and that the Fraesnel facets are linearly tapered towards the
nose of the vehicle. It would smem that the twin-beam approach can permit
a more efficient usage of a centrally located carge bay compariment.

The vehicle configurations presented in Figure IV-3 {ncorporate both
IRH and ERH engines, rather than Just the IRH engine portrayed in

Iv-7
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Figure IV-3.

DELTA ERH/IRH Configuration With Longitudinal
2-D Fresnel Lens
(Subsonic and VTOL Capability)
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Figures IV-1 and IV-2. These hypersonic propuision concepts eliminate the
internal engine flow duct (and associated drag) in favor of completely
external energy addition. As before, the vehicle forebody serves to pre-
compress the air prior to entering the “combustor® heating region. Unlike
the previous concepts, this hypersonic engine requires the use of two
reflecting secondary lenses to direct the beam into the heating regions.

The hypersonic engines portrayed in Figure IV-3 are designed to
operate in repetitively pulsed fashion as follows. The incoming beam fis
concentrated towards two line focii lying just beyond the secondary optics.
In turn, these optics {ntercept and project the beam out towards the
wingtips, just balow the vehicle lower surface.

Shortly after pulse initiation, electrical air breakdown occurs at the
wingtips, and laser-supported detonation (LSD) waves are ignited. These
LSD waves then "burn® across the thruster surface; Jjust before the LSD
waves contact the secondary optics, the beam is shut off (thereby aveiding
the pocsibility of damage to the secondary optics). In the process, the
air is heated to a high temperature and pressure; as 1t expands away from
the vehicle lewer surface, propulsive thrust is gencrated.

The same heating cycle can be used to accomplish a vertical takeoff or
landing. In addition, the beam(s) can be moved forward or aft to cause the
vehicle to pitch up or down, respectively. Similarly, the vehicle can be
made to roll right or left by depositing more beamed energy (and hence

" thrust) under the left or right wing tip, respectively. For the-vehicle

concept in Figure IV-3A, this is accomplished by moving the beam left or
right, respactively; for the Figure IV-3B vehicle, the left beam 15 pulsed
more often than the right beam.

Acceleration from a standstill to high forward speeds can be accom-
plished in helicopter fashion (as described earlier), or by the following
mechanism. Let us assume that a retractable subsonic valved inlet (e.g., a
vibrating reed-type valve) 1s able to provide a pulsed afr supply to the
interior volume enclosed bencath the Fresnel lens. In addition, assume
that the secondary lenses are rotated to close and seal the §I1t(s) in the
vehicle undersurface, and in turn caus2 the beam to come to 2 line focus

Iv-9
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within the enclosed internal thruster volume. Finally, envision an
auxiliary exhaust nozzle to vent ift (from this volume) out the vehicle
afterbody. This enclosed volume of air, when heated with pulsed radiation,
could operate in a repetitively pulsed fashion analoqous to the old
German V1 "Buzz-Bomb" propulsion system.

D. DELTA/ERH CONFIGURATIONS WITH REFLECTING PRIMARY LENSES

Quite unlike the previous vehicle configurations, the concepts pre-
sented in Figures [V-4 and [V-5 attempt to integrate 2-D linearly taperid
reflecting Yznses with the vertical stabilizing fin of the ajrcraft. Low-
intensity, {ndicent radition 1s collected to a high level of brightness
upon the 2-D secondary lenses which are wrapped about the vehicle
perimeter. (Hote the constant intensity contours of the incident beanm
falling upon tha primary receptive optics, f.e., the vertical fin.) These
secondary lenses reflect the beam back towards the vehicle center under-
surface, and electrical air breakdown occurs along the centerline. Note
that the vehicle afterbody has radial symmetry and serves as a 3-D
parabolic primary lens (over the upper surface). The lower afterbody sur-
face serves as an external expansion nozzle during hypersonic operation.
As befora, the aircraft forebody (in the hypersonic flight mode) serves to
precompress "inlet" air before it receives LSD-wave heating.

VTOL .operation can be accomplished in maneuver similar to  that
described for the previous concept in Figure IV-3. Acceleration tozsuper-
sonic speeds will be aided by a forward vectoring of ERH thrust, which is
accomplished by {rradiating the radially symmetric primary lens of the
vehicle afterbody. Note in Figure IV-5 that a normal vector to the after-
body ERH thruster surface has a significant forward component. (The thrust
vector acting on an ERH thruster surface {s generally perpendicular.to that
surface at subsonic speeds.)

As for the previous vehicle concept. pitch and roll control mancuvers
can be accomplished by praper placement of the incident beam upon the pri-
mary receptive optics.

Iv-10
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OTE: COTROL MANEWERS CAN BE
LASER FLUX ACCOMPLISHED BY PROPER PLACEMENT
OF INCIDENT BEAM UPOM VEHICLE
\"- lo € Isc THRESHOLD  RECEPTIVE OPTICS,
2-D PRIMARY
RECEPTIVE 0PTICS
SECONDARY OPTICS
|
~ SECORDARY OFTICS l VENICLE AFTERBODY HAS RADIAL
SYWETRY

Figure IV-4, Small-Wing DELTA/ERH, Rear View, With Reflecting
Primary Lens (Subsonic and VTOL Capability) .
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PRIMARY RECEPTIVE
0PTICS (2-D)

AIRCRAFT FOREEODY PRECCIPRESSES
AIR AD THUS PROVIDES THE “ILLET®

RCTION SECO:DARY 0PTICS
AIR EREAKDOYH AD IGHITION

OF LSD HAVE
VEHICLE AFTEREODY SERVES AS
ANl EXTERHAL EXPANSIOR HOZZLE

Figure IV-5. Small-Wing DELTA/ERH, Side View
(Subsonic and VTOL Capability)
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Figure IV-6 shows a variation-on-a-theme of the vehicle introduced in
Figures IV-4 and [V-5, based upon the 1location of the ERH thruster
surfaces. As before, & refiecting primary optical surface {s incegrated
with the vertical stabilizer. However, the concept employs grazing-
incidence secondary optical surfaces to Flash power outward underneath the
wing tips, instead of projecting the beam back towards the vehicle center-
line (1ike in Figures IV-4 and [V-5). As with the concept portrayed in
Figure IV-3, electrical air breakdown occurs at the wing tips instead of
the vehicle centerline. Much attention must be given to the detailec
design of the airframe in order to eliminate internal and external
aerodynamic drag caused by the various geometric shapes of the optics and
beam-projection passageways.

E.  SUMMARY

Covered up to now have been the particular optics/airframe/engine con-
figurations employing 2-0 primary receptive lenses integrated with tradi-
tional highly-swept-deita airframes typified by the space shuttie orbiter.
He now move on to review configurations which integrate 3-D, radially
symmetric primary receptive lenses with radially symmetric airframes that
are more typical of the Apollo and Mercury spacecraf. re-entry capsules, or
perhaps, the Mars lander aeroshell disc.
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Figure IV-6. Large-Wing DELTA/ERH With Reflecting Primary Optics
(Subsonic and VTOL Capability)
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CHAPTER V
LASER-THERMAL AIR-BREATHING PROPULSION:
RADIAL CONFIGURATIONS

This chapter explores the prospects for air-breathing laser propul-
sion of radially symmetric shuttlecraft. Both 1internal and external
radiation-heated (IRH and ERH, respectively) thrusters are considered.
Large variations in airframe fineness ratio are examined, from the highly
tapered geometry exemplifed by the NASA Hypersonic Ramjet Engine (HRE)
pictured in Figure V-1, to lower fineness ratioc gecmatries more typical of
the Apollo command/re-entry module or the Mars lander aeroshell. Table V-1
displays the design concept classes for “radfal* shuttlecraft configura-
tions considered in this chapter. As with Chapteﬁ VI, the shuttlecraft
introduced here are generally designed for efficient VTOL, subsonic, super-
sonic and hypersonic flight within an atmosphere. Furthermore, they can
fly directly up, as well as perpendicular (i.e., lateral) to the beam.

A. THE NASA HYPERSOHIC RAMJET TEST ENGINE

An excellent starting point for this study is the NASA HRE supersonic
(chemical) combustion ramjet test engine shown i{n Figure V-1. As f{s
evident from the profile, the engine {s configured with a large isentropic

- inlet spike and a center body duct which is able to translate forward and

aft a substantial distance--to insure that the Mach cone exactly touches
the forward inlet 1ip, throughout a large range of flight Mach numbers.
The length of the internal annular duct passageway {is set by the require-
ments for supersonic (e.g., hydrogen) combustion and adequate mixing of the
duct flow. The plug nozzle is of the external expansion/deflecting
variety. The engine will not produce thrust at flight speeds below Mach 1,
of course. '

V-1
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B. "RADIAL" TRH/ERH CONFIGURATION (HIGH-FINENESS RATIO)

A laser-propelled version of the HRE engina is displayed in
Figure V-2. This radially symmetric shuttlecraft is conceptually identical
to the NASA scramjet engine, except that laser energy is used to heat the
duct air working fluid. The forward isentropic inlet spike doubles as a
parabolic primary receptive optic, so the shuttlecraft central axis of
symmetry must always be aligned with the remote laser beam. Laser power is
brought to a 1line focus that encircles the vehicle perimeter; the 1line
focus 1s completely enclosed by the inlet duct. The annular duct fis
adjustable to produce a wide variety of throat areas and nozzle expansion
ratios for efficient hypersonic operation. No fuel, other than that
required for emergency operation (e.g., by a back-up chemical rocket
engine) would be carried aboard the vehicle. The shuttle payload would be
housed within the vehicle centerbody.

The laser propulsion engine {s of the combination power plant variety,
utilizing both IRH and ERH thruster modes. Figure V-3 1{is a schematic
dfagram of the IRH propulsion mode. The isentropic inlet spike completely
"swallows" the low-intensity laser beam and brings it to a circular-line
focus within the duct--in the process generating a standing absorption wave
which 1s delicately balanced within the internal air flow field. The
heated exhaust flow then expands aftward through the plug nozzle, producing
thrust. .. .

" Because of the high temperatures generated by LSC waves, the IRH
thruster may have to operate in the LSD regime in order to minimize frozen
flow losses. A severe reduction in engine efficiency will resuit from
significant levels of gas dissociation producad at temperatures beyond
3030 K, unless the constituents re-combine while the gas still resides in
the duct. Hence, the thruster may have to operate in a rapidly pulsed mode
using LSD-wave heating to control the peak “combustor” temperatures:’

However, 1{in order to successfully reach the highest flight Mach
numbers, "combustion" temperatures may have to be pushed to the maximum.

V-4
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In this eventuality, frozen flow losses would be accepted as a matter-of-
course penalty for operating in this stressing flight regime. Because of
the combustion temperature limitations of hydrocarbon fuels, the highest
attainable hypersonic flight velocity {is about Mach 7. With laser-heating
comes the potential for substantial {mprovements i{n “combustion"
temperatures, and peak hypersonic air-breathing propulsion speeds.

A few additional comments should be made regarding the inlet and plug
nozzle design considerations for laser shuttlecraft. The shuttle would
normally fly at zero angle of attack to stabilize inlet diffuser for maxi-
mum efficiency. ("Pitch* and "yaw" maneuvering forces could be generated
by non-symmetric operation of the ERH or IRH thrusters.) Also, the plug
exhaust nozzle has the inherent advantage of automatically adjusting to
changes in atmospheric pressure; consequently, it can exhibit high perform-
ance at sea ievel, as well as at very high altitudes.

One final note should be made about the above-described IRH propulsion
mode. The IRH thruster portrayed in Figure V-3 might (in concept) operate
Jjust as well without the annular duct housing--in effect, becoming an
“external-burning” ramjet. However, the elimination of the annular duct
would also deny the capability for VTOL and subsonic flight, as will now be
described. :

Figure V-4 1{s a schematic diagram of the ERH propulsion mode.
Basically the duct would provide the additional function of housing a set

_of retractable secondary (reflecting) optics. In the ERH thruster mode,

the'secondary optics would be extended into the focal region of the laser
beam, and thereby reproject a very intense laser beam parallel to (and just
below) the vehicle afterbody--to focus near the vehicle, as shown in
Figure V-4, Here an LSD wave is ignited (e.g., by laser-induced air break-
down or an electric spark), and the wave races all the way up the laser
beam, parallel to the lower afterbody surface. Just before the LSD wave
contacts the secondary optics, the laser pulse is terminated. Finally, the
hot, high-pressure layer of air (generated by passage of the LSD wave)
expands off the vehicle afterbedy, producing thrust. Asymmetric operation
of the ERH thruster would cause the vehicle to translate in directions
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lateral to the beam, and could also provide flight maneuvering and control
forces. .

Whereas the radial IRH/ERH vehicle pictured in Figure V-2 was designed
for a high-fineness ratio, other useful lower-fineness ratio configurations
can be envisifoned as variations on the basic theme. Although the entire
inlet spike of the Figure V-2 vehicle serves as a primary optics, other
inlets which have only a portion of the total area serving as optics are
possible. The remaining inlet area could be a greatly fore-shortened
double-cone, or possibly a rounded/truncated cone.

The radial IRH/ERH configurations in Figures V-5A and V-5B serve to
demonstrate some of these possibilities. Note that the vehicle afterbody
has been severely shortened to facilitate efficient operation in the VTOL
propulsion mode with ERH thrusters. The Figure SA geometry is designed to
receive an annular laser beam onto {its parabolic primary optics; only
75 percent of the arca represented by the beam's external diameter Is
actively used. For this shuttlecraft geometry, the inactive (i.e., non-
optical) portion of the inlet is simply fitted with a rounded aerodynamic
fairing. Figure V-5B {llustrates a similar vehicle of even lower fineness
ratio, which is designed for an annular propulsive laser beam with only
50 percent "active area." .

C. RADIAL IRH/ERH COMFIGURATINHS WITH ISEHTROPIC-SPIKE/CONE CENTERBCOY
INLETS

Whereas the low-fineness ratio radial IRH/ERH shuttlecraft pictured in
Figure V-5 utilized rounded isentropic-spike center-body {inlets, the con-
figuration in Figure V-6 {s designed around a combination {isentropic-spike
(again doubling as a primary receptive optic) and truncated cone center-
body 1inlet. As before, the primary optical surface is mathematically
generated by rotating & parabola about’ an off-center axis which coincides
with the vehicle centerline. The active laser beam contours associated
with various truncations of the primary optics (e.g., the "isentropic"
spike) are indicated in Figure V-6. tote that the focus of the parabola is
Just outside the vehicle rim, and that the focused beam is intercepfcgaq by

V-9



e

o It ——t

¢ e o e o =

THE BDM CORPORATION

L

AERODYNAMIC
FAIRING

’

T —

A) 78% ACTIVE AREA (ANKULAR B2AL)

"
”
%

4y

e —

-

B) CO% ACTIVE AREA (ANNULAR GEAN)

Figure V-5,

e = Py,

B b

o~

AERODYMARUC
FAIRISSQ

PANADOLIC PRIMARY N

///’ RECEPTIVE CPTICS .
/ ANNULAR DUCT
ERHTHRUSTER e oene™™
\—-"“’"l‘-':"‘.’:"-:---‘

Spike Center Body Inlets (Lower Fineness Ratio)

v-10

-

Radial IRH/ERH Configuration with Rounded Isentropic -



5]
E.
»|  THE BOM CORPORATION
5‘. .
"; ¢ ousm Al L ACTIVE EEAM
X AREA CONTOURS :
1 g

2

2

z

:

g

= ")
.’7'::
- AIR CREARDON A2 o =
1GHITICN OF LSD WAVE =mmee —-—en%}g\a\i, 10%wiem?
, Figure V-6. Small-Wing Radial IRH/ERH in the Translation Flight
N (Central Focus)
i V‘]]
[
k



/
/

N

!
AN

N
N
~N
N
'

| H

1

THE BDM CORPORATION

secondary optics (located at the rim) Jjust prior to reaching that point.
Subsequently, the intense beam {s projected back across the entire Ilower
surface of the vehicle, which acts as an ERH thruster. Note that the
vehicle afterbody 1is less foreshortened than that of the shuttlecraft
pictured in Figure V-5.

The vehicle configuration is particularly suftable for atmospheric
re-entry, but its low 1ift/drag (L/D) shape would indicate a limited poten-
tial for conventional maneuverability using aerodynamic 1ift. Although the
shuttle could generate a small amount of aerodynami¢ body 1ift in the
lateral flight mode, the ERH propulsive engine is envisioned to provide the
dominant share of flight-supporting 1ift.

In principle, the external expansion surface contour would be set at
the proper inclination to cause the resultant ERH thrust vector to exactly
pass through the vehicle center of gravity. With this alignment, no
unintentional pitch or roll torques would be placcd upcn the vehicle--
regardless of the lateral thrust developed by the ERH engine. Laser
{1lumination of the primary optics will result {n electrical air breakdown
at the vehicle central axis, followed by ignition of LSD waves which will
"burn" across the ERH thruster surface. (As before, the beam would be shut
off just before the LSD wave contacts the secondary optics.) Uniform
illunination of the primary optics will generate a radially symmetric
pattern of hot, high-pressure plasma fingers. These high-pressure regions
will expand across the entire Tlower vehicle surface, generating vertical
Lhrust. Repetitive pulsing of the beam will levitate the vehicle into the
air,

In the VTOL mode, the ERH thruster {is likely to generate a great deal
of acoustic noise, probably sounding much like a mammoth loud speaker when
producing audible frequencies of several hundreds to thousands of Hertz.
An essentially quiet alternate scheme for VTOL using LSC waves can be
postulated with the plasma model portrayed in Figure III-7B. Basically, a
much reduced level of laser radiation would maintain a continuocus LSC wave
"plasmoid torch" at the very center of the lower vehicle ERH thruster
surface. Sufficient thermal power levels would be injected into this lower

V=12
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surface air volume to maintain an overpressure of 0.01 to 0.1 atmuspheres
(f.e., 103 to 104 Newtons/m?), easily sufficient to support these radial
IRH/ERH shuttlecraft in the hover mode.

When operating in the ERH thruster mode, unsymmetrical {1lumination of
the primary optics will propel the vehicle in a direction opposite to
that of the illuminated surface, and perpendicular to the laser beam.
Nonuniform deposition of beam energy (e.d., by varying pulse shape, dura-
tion, and energy) during the propagation of the LSD absorption wave can
cause pitch or roll torques to be placed upon the vehicle, thereby generat-
ing f1ight maneuverahility and control forces.

Cooling requirements of the secondary mirrors will be significantly
more severe than that for primary mirrors, due to higher flux loadings on
these surfaces. Therefore, during lateral flight when only a small portion
of the entire secondary lens is illuminated, there may be some advantage to
rotating the rim optics so that the heating load would be more uniformly
distributed. This may be accompiished by supporting the rim upon a
separate bearing system and driving it with a small auxiliary engine. In
reaction, the vehicle centerbody would rotate slawly in the opposite
direction at a siower speed because of its larger aerodynamic drag. As a

result, a more uniform heating of all optical surfaces will occur, thereby.

causing lower temperature-gradient-induced stresses, and perhaps permitting
simpler, 1lighter weight optical cooling systems. One additional
fortuitfous result of spinning the rim optics could be the generation of a
strong gyroscopic moment--which' could greatly increase the stability of the
receptive optical platform.

It should be noted that the vehicle may change its direction of
lateral flight simply by re-orienting the azimuthal placement of the laser
beam upcn the receptive, optics. This will automaticall vector the propul-
sive ERH thrust. Hence, the vehicle need not bank and turn like more con-
ventional aircraft which depend on aerodynamic 1ift to negotiaté- turns.
Such a banking turn maneuver would destroy the critical beam/optics align-
ment of laser-propellied shuttlecraft.
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D. ALTERNATE GEOMETRIES FOR RADIAL/ERH THRUSTERS

Figure V-7A is a bottom view of the vehicle shown in Figure V-6, with
the ERH thruster operating in the VIOL mode. The 1llustraticon captures the
thrust generation process at the beginning, when laser-induced electrical
air breakdown is triggered at the vehicle center. (Recall that the
secondary optics are confiqured about the rim, and act to reflect radiation
inward towards the vehicle center.)

Figure V-78 shows an alternative optics/airframe/engine configuration
that flashes the collected radiation radially outward below a large annular
wing--which acts as the ERH thrust surface. The secondary optics are of
the grazing-incidence variety and are slightly scallopsd to cause the
radiation to come to a series of point focii about the rim. This enhances
the ability of the engine to easily trigger electrical air breakdown at,
for example, several dozen focii. *

E. RADIAL/ERH CONFIGURATIONS WITH PERIMETER FOCUS

Figure V-8 illustrates two variations in airframe geometry derived for
the perimeter-focus secondary optics case. The first (Figure V-8A) takes
on much of the appearance of a dinner plate--with a center cone structure
which servas as the primary optics and contains the payload. Aerodynamic

. 1ift 1s generated off a planar surface; this variation {s the flatest

possible airfoil. The second variation, shown in Figure V-8B,' has a
thicker airfoil with a symmetric contour and little camber. Since it has a
larger cross-sectional volume, it is able to enclose a much larger payload
within the squashed toroidal volume distributed over the ERH thruster. The
fatter airfoil permits substantially different aerodynamic characteristics
from that of the planar airfoil. )

It should be noted here that as the vehicle accelerates laterally from
subsonic to supersonic flight speeds, the center of 1ift on the airfoll
moves aft from the 25 percent chord to the 50 percent point--which is
exactly aligned with the center of gravity for this radially symuetric

V-14
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A) .CENTRAL FOCUS CASE (BOTTOM VIEW):-

FOCUSED LASER RADIATION
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Figure V-7. Alternative Geometries for Radial/ERH Thrusters:
Central vs. Perimeter Focus (Small vs. Large Wing)
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vehicle. Ouring vertical take-off and landing, the ERH thruster must
create a vertical thrust distribution which is centered on the S0 percent
point. At subsonic iateral speeds, the ERH thruster pressure distribution
must be altered to complement aerodynamic 1ift--so that the resultant
thrust vector always acts at the 50 percent chord.

Portrayed in Figure V-9 are the different {ncident beam irradiation
patterns representative of subsonic and supersonic flight regimes. In
subsonic flight (Figure V-9A), the aft ERH thruster surface is activated to
balance the forward-located aerodynamic 1ift vector. For example,
Figure V-10 depicts the lower ERH surface for the Figure V-8B vehicle in

this ‘“perimetaer-focus" vehicle can be controlled. The incident beam 1is
simply directed to fall upon the proper side of the primary optical
surface--thereby activating that associated portion of the ERH thruster
surface. For example, to cause the shuttle to pitch down, the laser beam
is projected upon the most rearward portion of the primary lens--as shown
in Figure V-11A,
Figure V-12 {llustrates the three basic steps of the lateral ERH pro-
. pulsion cycle for the Figure V-8A vehicle. The cycle begins with the
supersonic air being compressed to a higher pressure as it moves across the
bow shock. HNext, the pulsed laser beam uniformly 1lluminates the receptive
optics, which in turn flashes power towards the vehicle rim. This injects
! thermal energy into the pre-compressed air underneath the vehicle, and
heats it to a much higher prassure and temperature. MNext, the high-
pressure air expands across the vehicle undersurface as -shown 1in
Figure V-12B, generating thrust. Finally, fresh un-heated air again enters
the ERH thruster volume, and the cycle is repeated. QOne final note can be
made regarding the apparent flight motjon of such a shuttlecraft. Depend-
ing upon the pulsing frequency of propulsive laser beam (i.e., .several

- lateral subsonic flight towards the left hand side of the page. However,
E in supersonic flight (Figure V-98) the ERH thruster must be symmetrically
EJ activated about the pitch axis since the aerodynamic 1ift vector will have
S moved aft to the 50 percent chord point.

_/,.:”’ S Figure V-11 demonstrates the simple procaess by which pitch and roll of
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Figure V-9. Active ERH Thrust Distribution - Subsonic vs. Supersonic Flight

(Top View)
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Perimeter Focus, Radial/ERH Shuttle in Subsonic
Translational Flight (Bottom View)
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Hertz vs. several hundreds to thousands of Hertz), the apparent motion cf
the vehicle might resemble that of a stone skipping over water--when viewed
from a fixed point of reference.

F. ALTERNATE SUPERSONIC ERH PROPULSIQN MODES FOR RADIAL SHUTTLECRAFT WITH
CENTRAL FOCUS SECOMDARY QPTICS

Figure V-13 shows an alternate approach for supersonic flight propul-
sion of a radfal vehicle with centrally focused secondary optics, such as
those portrayed in Figures V-5 or V-6. First note that in Figure V-13, a
radial shuttlecraft {s being viewed from the underneath, and {is moving
towards the left side of the page in a direction lateral to the propulsive
laser beam. Ouring this ERH propulsive mode, the forward one-third of the
primary optics is being i11luminated by the remote laser beam, which there-
fore activates the forward 1200 wedge of the rim-located secondary optics.

At the very beginning of this ERH thruster cycle, laser-induced
breakdown is triggered at the central focal point. HNext a large, nearly
2-0 LSD wave races up the laser beam, its supersonic velocity slowing as
the beam intensity drops upon the absorption wave. At some point, the
velocity of advance for the LSD wave exactly equals the flight velocity of
the vehicle--and the cresent-shaped absorption wave finally reaches a
stationary position relative to the vehicle. The optical configuration

-produces a standing absorption wave with natural stability in the- super-

sonic afrstream. (The position of the secondary optics must be adjusted so
that this LSD wave is completely outside the vehicle boundary layer.) Thus
it may be possible to propel the shuttlecraft in an ERH thruster mode using
2 continuous, as opposed to a repetitively pulsed, laser beam.

Finally, it should be noted that much could be 1learned about the
prospects for such RP and CW ERH thrusters from a thorough examination of

" current research on supersonic chemical "extarnal burning" propulsion con-

cepts. For example, as a result of this research it 1{is known that
thruster coupling (i.e., Newton/MH) and conversion efficiency (i.e., ratio
of thermal-energy i{nput to thruster-power output) can be maximized by
insuring that: a) the “"burning" process occurs ccmpletely outside of the

V.22
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boundary layer, b) the total thruster area fs made as large as practical,
and c) the ratio of heat input per unit thruster surface area (i.e., MW/M2)
{s minimized.

G. ROTARY_IRH PULSEJETS - REFLECTING PRIMARY OPTICS

This section explores the prospects for radial shuttlecraft which use
rotary IRH thrusters to accomplish high lateral accelerations from a stand-
ing start or hover. .

The concept for a rotary air-breathing pulsejet engine is introduced
in Figure V-14. In horizontal flight, the propulsive engine operates in a
pulsed fashion made quasi-steady by rotating a set of propulsion units.
The rotating cascade of pulsejets operates in a manner similar to a gatling
gun. Changes 1in lateral flight direction are simply accomplished by
advancing or retarding the radiation-induced spark, which results in an
imnediate thrust-vectoring of engine exhaust gases. Gyroscopic stabiliza-
tion of receptive optics (which are rigidly attached to the vehicle)
permits accurate "lock-on" alignments with the remote beam. The overall
optics/airframe/engine design allows radical charges in lateral “flight
direction with perfect beam alignment,

The rotary pulsejet engine in Figure V-14 is comprised of 12 separate
propulsive units which rotate either on their own bearing system. (i.e.,
independeﬁf of the rest of the vehicle), or as an intimate part .of the
entire craft. In the latter case, a central payload volume would be
mounted on a separate bearing system, isolated from the vehicle rotation.
As indicated in Figure V-14, each propulsion tube is sequentially energized
with a pulse of beamed radiation as it rotates clockwise into the aft-most
position; here, the high-velocity exhaust gases are ejected exactly
opposite to the direction of flight. )

The rotary pulsejet engine cycle is displayed in Figure V-15. The
cycle begins as fresh air is taken into a thruster tube as it rotates from
the 10:00 to 2:00 position (Figure V-15A). (Note that the 12:00 position
in Figure V-15 is directly into the relative wind.) At the 5:00 position,
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a pulse of radiation is projected into the tube through a high-power
optical window located near the closed end. As indicated in Figure V-15C,
the radiation reflects off the primary optics and comes to a focus at the
nozzle throat (i.e., minimum cross-section of the tube) where electrical
air breakdown occurs and a LSD wave is ignited. Figure V-15C shows the LSD
wave racing up the beam and processing all the enclosed air to a high
tenperature and pressure. Just before it contacts the primary optics, the
beam is shut off and the LSD wave deteriorates to a very strong blast wave.
Subsequently, the wave reflects off the closed end of the tube and expels
all the high-pressure engine air (acting very much 1ike a piston), thereby
generating thrust.

The principal advantage to the rotary pulsejet propulsion system f{s
that it is able to genarate high levels of lateral thrust at zero forwrd
velocity. The engine thrust vector is aligned horizontally in the intended
direction of acceleration., The configuration should exhibit excellent per-
formance in accelerating rapidly to supersonic horizontal flight speeds.

Once the vehicle attains supersonic lateral flight speeds, the rotary
pulsejet engine cycle takes on many of the characteristics of a conven-
tional 4-cycle Wankel internal combustion engine. Frash air is taken into
each tube from 10:00 to 2:00; supersonic compression peaks at 12:00; “igni-
tion" occurs at 5:00; and finally, exhaust at 6:00. Each propulsion tube
completes all four events within one 360 degree rotation of the vehicle.

1. .Alternate Rotary Engine Concepts ‘

Other varieties of rotary laser propulsion engines can be pro-
posed for use with conventional turbomachinery: e.g., laser-heated turbo-
Jets. One might expect that the performance, in general, would suffer from
a reduction of peak "combustion" temperatures as limited by even advanced
turbine materfals. Howaver, the candidate engine/vehicle configurations
proposed here might eliminate this restriction (in great measure) through
the use of large regeneratively cooled turbine blades.

One possible 1laser-heated turbojet configuration is
portrayed in Figure V-16. It {s designed around the aerowindow concept
(previously introduced in Figure III-12B) which uses a large single-stage
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As gescribed earlier, the upper surface of the
centrifugal compresser (between the impeller blades) acts as a focusing
primary reflecting lens to project the laser beam downstream into the "com-
bustion" chamber. Since the beam i{s constrained to enter the engine
through the compressor inlet, the use of an *inducer" section (which would
more efficiently bring the flow into the compressor) is precluded. Hence,
the compressor pressure ratio would be less than the 3:1 to 4:1 optimum
value, unless the beam could be brought into the engine at a greater engine
radius--perhaps through a material window in the compressor housing (i.e.,
the vehicle extarnal skin). '

In either case, the primary optics would bring the laser beam to
2 line focus 1in the "combustor" section, and a standing LSC-wave (or
rapidiy-pulsed LSD-wave) would be maintained in the subsonic pressurized
air Jjust downstream of the vaneless diffuser section, as shown in
Figure V.16. As indicated, a set of turbine blades would be rigidly
attached to the vehicle perimater, thereby applying torque to the com-
pressor by spinning the entire shuttlecraft.

By extending clamshell thrust-deflector "doors®, as shown in
Figure V-16, the laser-heated turbojet could be given VTOL capability.
However, several catastrophic problems arise when one tries to proiide the
vehicle with lateral flight capability. Most serious is the compressor
stall problem which would be caused by the extreme alignment angles of the
oncoming airstream to the intake housing. Normally, the afrstream would
enter the intake at a relative angle aligned as close as possible to the
turbomachine axis of rotation. The second problem relates to the produc-
tion of lateral thrust. The only apparant means 1s to assymetrically
f1luminate the laser-heated “combustor" section. This would lead to a
complicated gasdynamic flow situation that could greatly alter the flow
stability through all upstream components--particularly within the diffuser
and compressor sections. Furthermore, it is not immediatley evident that
this approach -could successfully generate a net lateral thrustar vector.
Hence this approach, although perhaps interesting, should be considered
unpromising.
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A highly promising approach can be described as follows. Let us
assume that the radfal shuttlecraft in Figure V-14 {s equipped with an
auxiliary airbreathing chemical-fueled gas generator (i.e., a turbc-
compressor) which is able to deliver "cool" (compressor-bleed) air-at tens
of atmospheres pressure to the propulsion tubes. With this new engine
concept, the remote 1laser beam (10X to 100X more powerful than the
auxiliary engine) would be dumped into the propulsion tubes--using them
l1ike "after-burners” (either CW or RP). This could be an exceedingly
powerful laser-heated turbojet engine.

2. VIOL Propulsion of Rotary Pulsejet Shuttles

Clearly, 1if each propulsion tube of the radial IRH shuttle
pictured in Figure V-14 were to be fitted with an extendable clamshell
door, the high-velocity gases (ejected by the laser-heated "after-burner®)
could successfully levitate the vehicle--giving it VIOL capability.

However, a significantly more elegant approach would be to inte-
grate an ERH 